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This report describes the results of a series of investigations designed to generate knowledge 
that can support the restoration of composition, structure and function of Banksia woodland 
communities of the Swan Coastal Plain region. Central elements include detailed 
measurement of restoration site conditions, examination of soil seed banks and topsoil 
treatments (e.g. smoke and heat to aid germination of soil stored seeds), soil-water 
availability and use relative to woodland condition and rehabilitation treatment, and 
assessment of a key faunal indicator of site condition (ants). These investigations focus on 
sites within Beeliar Regional Park (southern Perth metropolitan area) identified for 
rehabilitation and restoration, paired with adjacent woodland sites of varying condition 
(heavily degraded to high quality) in order to identify the success of different restoration 
procedures. It is hoped that these studies will provide improved information to identify 
factors critical to increasing the success of restoration, evaluate restoration success, and 
provide a foundation for future restoration efforts across the Swan Coastal Plain.  
 
Chapter 1: Site histories and climatic conditions 
 
Relative to mean conditions over 22 years of climate records for the nearest Australian 
Bureau of Meteorology climate station (Jandakot Airport), this study took place under lower 
than average rainfall, and warmer than average summer daytime temperature conditions. 
These are likely to have affected results relative to those that might be obtained in different 
study years. Of particular note, the winter of 2010 was especially dry (45% lower than 
average) and coincided with topsoil transfer for one site (site 4). 
 
Chapter 2: Composition and quality of woodland sites  
 
Aims:  To quantify and understand the differences in species composition (e.g. richness, 
native vs invasive species) and condition (level of negative impacts on structural and 
compositional attributes, sensu Keighery 1994) for woodland vegetation at the Fiona Stanley 
Hospital site (condition rated as excellent) relative to woodland remnants in the vicinity of 
offset restoration sites (condition rated as degraded to completely degraded). Biological 
attributes of Fiona Stanley Hospital site woodlands help to define possible restoration targets 
and allows for comparison with developing plant community composition on offset sites.  
 
Conclusions: The Fiona Stanley Hospital site woodlands were confirmed as being of 
excellent condition based on high species richness of native plant species, and low richness 
and cover of invasive species, relative to remnant woodlands adjacent to the topsoil transfer 
(offset) sites. Woodland quality was determined more by the nature of understorey species 
composition and cover than of tree layer attributes, with no clear relationship between tree 
layer richness and cover, and understorey attributes (see Appendix 4 for more detail on this 
issue - Arnaudet 2011, Masters thesis report). 
 
Chapter 3: Plant recruitment and persistence in topsoil transfer offset sites 
 
Aims: To trace the level of recruitment and persistence of plant species from transferred 
topsoil in offset sites (sites 1-3 from 2009 to 2012; site 4 from 2010 to 2012). To compare 
these levels both within and between offset sites, quantifying levels of native and invasive 
species richness, and especially of native perennial species, is important to the longer-term 




Site 4 was divided into two parts, which received different topsoil depths (150 mm vs 100 
mm) to allow comparison of the effect of a shallower topsoil depth relative to depths used at 
sites 1 – 3 (150 - 200 mm). Shallower topsoil treatment allows for the potential for greater 
areal coverage per hectare of topsoil return from woodland cleared, and may provide a 
similar level of recruitment. However, it may also facilitate regrowth of invasive species 
derived from the former soil surface. 
 
 Conclusions: Native plant species richness was higher in securely fenced, compared with 
unfenced or damaged fence sites, reflecting the likely impacts of herbivory from rabbits, and 
vandalism where fences were not maintained in good order.  Damaged sites improved in 
species richness of perennial native plant species after fencing, suggesting that improved 
protection from these impacts is worthwhile even if not set up at onset of a project.  
 
First year species richness and abundance of both native and invasive species at site 4, where 
topsoil was transferred in 2010, showed no difference between shallow (100 mm) and deep 
(150 mm) topsoil treatment areas. Thus, a thinner layer of topsoil transfer can increase the 
area treated without adversely affecting likely outcomes. However, as topsoil spread becomes 
thinner, the risk of patchy, very shallow cover and residual recruitment of weeds from the 
former soil surface may increase. 
 
There was a slight decrease in the richness of native plant species over the first 3 years of 
vegetation development at topsoil transfer sites, and an absence of key species of importance 
to long-term objectives of woodland development including food species for Carnaby’s 
Cockatoo (see Appendix 2 for a list of known food species). Broadcast seeding and planting 
of nursery stock for such species is likely to be needed, regardless of the quality of the seed 
bank in transferred topsoil.Spot weed spraying was effective in keeping weed species at low 
abundance, providing there was an opportunity for good native perennial plant species 
establishment. This was particularly clear at the fenced site 1. 
 
In the first few years of site revegetation,  re-measurement in Autumn provides the best 
opportunity for rapid appraisal of levels of native  perennial species growth and survival, and 
assessment of overall vegetation structure development, with problem absences (e.g. of tree 
and large shrub species) readily identifiable.  Spring re-measurement provides better data on 
weed species loads, and of native annual and geophyte presence. 
 
Chapter 4: The Fiona Stanley Hospital site soil seed bank 
 
Aims: To quantify the abundance and distribution by depth of dormant, soil-stored seeds in 
the soils beneath high quality Banksia woodlands on the Fiona Stanley Hospital site prior to 
site clearance and topsoil transfer in order to: i. determine the extent to which the transferred 
soil seed store is diluted in relation to depth of soil cut taken and depth of topsoil deposited in 
transfer sites, and ii. identify the potential density and identity of plants (native and invasive) 
in offset sites based on dormant soil-stored seeds moved in the topsoil transfer. 
 
Conclusions: 75% of all dormant but viable soil stored seeds in Fiona Stanley Hospital site 
Banksia woodlands soils were held in the top 5 cm of the soil profile, with <4% of seeds 
stored at depths >10 cm. Topsoil cuts for transfer purposes should be limited to the top 10 cm 
to maximise the potential value of transferred topsoil, since deeper cuts lead to many seeds 
being buried too deep for emergence in transfer sites (due to mixing during collection, 
transport and redistribution). If deeper cuts are taken, then topsoil should only be spread to a 
maximum of 10 cm, since other studies show that seeds buried deeper than 6 – 8 cm are 




Exploration of the quality (richness and abundance of native species, and  of invasive 
species) of soil seed banks under woodland remnants of varying condition would be a useful 
follow-up activity, allowing  for the prediction of potential outcomes of topsoil transfers in 
terms of plant densities and compositions in transfer sites.  
 
Soil seed bank testing should be conducted as a matter of course for sites scheduled for 
clearance and transfer in order to establish the suitability of the topsoil for transfer and use at 
restoration (offset) sites. Results of tests would help to inform the other treatments (e.g. weed 
management, broadcast seeding and nursery stock planting) that might be required at offset 
sites. 
 
Chapter 5: Experimental treatment effects on recruitment patterns in offset sites 
 
Aims: Since Banksia woodland species are adapted to recurrent fire, many require specific 
fire-related cues to break dormancy and trigger germination. This experiment involved the 
application of smoke and heat treatments to transferred topsoil quadrats in the offset sites to 
test whether such treatments led to enhanced recruitment of native plant species. 
 
Disturbance may also break seed dormancy in some species, through physical abrasion and 
environmental change (e.g. light and/or temperature) associated with physical turning of soils 
as may occur in nature through animal digging activities or tree falls. Topsoil at transfer sites 
has already undergone physical disturbance associated with transfer, but seeds buried at 
depths  >6 – 8 cm may not break dormancy, or may germinate and fail to reach the soil 
surface. Experimental turning of the topsoil at a depth of 5-10 cm was conducted to identify 
the extent to which additional soil-stored seeds may become available for recruitment in 
transfer sites. 
 
Conclusions: There was no clear effect of the experimental treatments designed to enhance 
fire-related cueing of seed germination in sites either in their 1st or 2nd year since topsoil 
transfer. Nor was there any effect of topsoil disturbance. However, these results are equivocal 
in meaning for two reasons: first, such experiments should best be undertaken prior to the 
first winter following topsoil transfer (i.e. prior to any seed germination), but this was not 
possible at sites 1 – 3 since topsoil transfer took place late in 2008 prior to the 
commencement of this project. Second, in site 4, where treatments were applied in time for 
year 1 germination (and indeed for all sites), extreme drought conditions in the winter of 
2010 may have reduced markedly any seedling establishment, even if seed dormancy was 
broken. These experiments need to be conducted again under more favourable planning and 
weather conditions to separate the effects of different topsoil treatments on potential 
revegetation success.  
 
Chapter 6: Offset site vegetation development trajectories 
 
Aims: Directly compare offset site vegetation development with woodland quality attributes 
for high quality Banksia woodlands at the Fiona Stanley Hospital site and for degraded 
remnant woodland sites adjacent to offset sites, using data collected at the same spatial scale 
(100 m2 plots). This will assist in  evaluating the trajectory of vegetation development and 
identify any major gaps in desired vegetation structural and compositional properties. 
 
Conclusions: At the 100 m2 plot scale, and 2 – 3 years after topsoil transfer, offset sites (other 
than the area around site 101 which was initially unfenced) show native perennial plant 
species richness levels approaching (but not attaining) those of the topsoil source area at the 
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Fiona Stanley Hospital site, and low levels of invasive species richness and abundance. 
However, most of the native species richness is concentrated among non-resprouter species, 
with resprouters (especially non-woody species) poorly represented. Tree species are also 
absent or poorly represented. Overall, this means that many of the essential structural 
components of Banksia woodlands are absent; including many species regarded as major 
resource species for Carnaby’s Black-Cockatoo (Calyptorhynchus latirostris). These species 
are either poor seed producers (so poorly represented in topsoil seed banks), or are canopy 
seed storage (serotinous) species (see Appendix 2). They must either disperse into offset sites 
from surrounding woodland fragments, or be introduced in broadcast seed mixes, or as 
nursery stock – the latter being the most effective way of ensuring their presence at suitable 
densities. 
 
Chapter 7: Soil moisture and penetrability patterns, and their potential consequences 
for plant growth 
 
Aims: To quantify soil moisture distribution by season and depth (to 1 m) for offset versus 
adjacent natural woodland remnant sites, and to compare soil penetrability for natural versus 
topsoil transfer sites. Placement of transferred topsoil onto pre-existing soil surfaces may lead 
to changes in overall soil penetrability and rainfall infiltration in offset sites and affect 
seedling root growth, availability of soil moisture to seedlings over summer, and so, 
survivorship of recruits. 
 
Conclusions: Soil moisture profile data to 1 m depth showed similar levels, and seasonal 
patterns, for topsoil transfer and remnant woodland sites. However, topsoil transfer sites 
showed lower levels of summer soil water depletion at depths below 30 cm, suggesting lower 
plant root system development in (and plant water use from) this zone. While greater density 
of roots for mature vegetation in woodland sites relative to lower density of roots for juvenile 
vegetation on offset sites may explain this difference, it is also possible that physical 
properties of the offset sites – i.e. lower penetrability associated with compaction of the 
transferred topsoil layer – may also be important. Breaking up of any topsoil compaction by 
ripping to at least 30 cm depth may help to ensure winter rainfall penetration, and seedling 
root system growth, to deeper soil layers, facilitating healthier plant growth and higher 
survival over summer. 
 
Chapter 8: Effect of soil wetting agents and supplemental watering on recruitment 
 
Aims: Following the very dry winter of 2010 that is thought to have adversely affected 
recruitment and persistence of plants in that year, two experimental procedures were trialled 
to determine whether  increased winter soil moisture would enhance recruitment and 
persistence of plants in topsoil transfer and broadcast seeded areas: 1. addition of a soil 
wetting agent to the soil surface to break down surface hydrophobicity and increase rainfall 
infiltration, and 2. supplementary watering to 125% of monthly median rainfall. This project 
was undertaken in 2011 by Honours student, Andrew Fry, who was supported with an 
Honours stipend from the FSH project. A copy of his thesis is included as Appendix 3 to this 
report. A final re-measurement of his plots was conducted by the research team in Autumn 
2012. 
 
Conclusions: Soil wetting agents showed no seedling recruitment or persistence benefits in a 
year of average winter rainfall for either topsoil transfer or broadcast seeding sites. It is 
possible that benefits might accrue in years of below average winter rainfall but further 




Broadcast seed mix treatment of degraded woodland site 6 produced lower levels of native 
plant species recruitment than was obtained from the soil seed bank in transferred topsoil at 
site 4. Plant species with large seed sizes failed to recruit from the broadcast seed mix. Thus, 
nursery raised stock may be required for these species, many of which are important food 
sources for Carnaby’s Black-Cockatoo (see Appendix 2 for a list of these species). 
 
Chapter 9: Establishment and growth of Banksia attenuata 
 
Aims: To compare the establishment and growth of Banksia attenuata seedlings in topsoil 
transfer versus remnant woodland areas. Based on concerns about possibly higher soil 
penetrability and lower soil moisture infiltration associated with transferred topsoil, this study 
traced growth of Banksia attenuata seedlings arising from broadcast seeding in Autumn of 
2010 in topsoil transfer site 4 and in naturally-recruited seedlings of similar size in woodland 
areas nearby (near sites 1, 2 and 6; there was no suitable woodland near site 4). 
 
Conclusions: Banksia attenuata seedlings showed similar survivorship, but greater above-
ground (shoot) growth, in topsoil transfer than in remnant woodland sites.  However, 
seedlings in topsoil transfer sites showed a markedly stronger dominance of lateral root 
system development within the topsoil layer, with taproot development to depths below 30 
cm weaker than for woodland seedlings, potentially reducing access to deep stored soil water.  
Ripping of surface soils to at least 30 cm depth after topsoil transfer, but before onset of the 
first winter rains following transfer, is recommended. This should increase winter rainfall 
penetration, and root growth to greater depth, increasing seedling establishment and survival 
over the first few summers. Further experimentation is required to determine how transferred 
topsoil affects root system development and plant survival. 
 
Appendix 5: Assessment of site condition: the use of ants as a key faunal indicator 
 
Aims: Ants have been widely adopted as indicators in environmental assessment due to their 
abundance, functional importance and sensitivity to environmental change. A functional 
group model has been developed for ants in Australia which classifies taxa at genus and 
species-group levels according to their continental-scale responses to environmental stress 
and disturbance. A preliminary survey late in 2009 sought to describe ant species richness 
and functional group composition in high quality woodland at the Fiona Stanley Hospital 
(FSH) site, Perth, Western Australia, and to examine the extent to which these communities 
resemble those in the offset restoration sites and adjacent woodland areas. 
 
Conclusions: 74 morpho-species from 21 genera were recorded in the study of which 17 were 
unique to the FSH site (and 11 of which were only found in areas scheduled for clearing). 
The FSH site contained communities which were distinct from those at offset sites in both 
species and functional group composition, which suggests the site is biologically unique and 
that the designated conservation area should be maintained. Despite high levels of 
disturbance at offset sites, the ant communities there were relatively diverse, particularly 
where topsoil transfer had occurred, indicative of reasonable ecological health despite the 
appearance of degradation. Future studies within the offset areas should find this data very 
useful, particularly as it was collected only a short time after the transfer or topsoil (and an 
unexpected fire) which would not have allowed sufficient time for ant communities to 
reform. Data from the FSH plots may serve as a useful reference for future studies as it was 
obtained from relatively undisturbed woodland in the area. Such studies may also reveal if 




Chapter 1: Introduction 
 
Urban bushland remnants play a critical role in the conservation of biodiversity and provide 
unique opportunities for community involvement in conservation actions. Unfortunately, 
such remnants typically face significant and interacting challenges associated with increasing 
isolation (2010), weed infestation (Fisher et al. 2009), browsing/grazing pressure from 
introduced animals, altered edaphic and hydrological conditions (Sommer and Froend 2011), 
and shifts in vegetation composition and structure due to altered frequency of fire ((Fisher et 
al. 2009). For these reasons, urban bushland remnants can often experience impaired 
ecological function. Research into these issues is ongoing, but there is a need for immediate, 
locally-based information that can provide feedback on specific management actions and new 
options for retaining and enhancing biodiversity and ecosystem function. Such research must 
necessarily be broad-based and encompass a wide range of measurements (e.g. soil physical 
and chemical conditions, water, light) and taxa (e.g. flora, fungi, microorganisms, 
invertebrates, and vertebrates) to best preserve function of these complex ecosystems. 
Banksia woodlands, the most common and widespread vegetation type of the Perth region, 
have been significantly impacted, with >80% cleared (Hopper and Burbidge, 1989). 
Degradation and loss is continuing and accelerating due to expanding urbanisation, increased 
infrastructure construction, continued agricultural activities and mineral extraction (Hopper 
and Burbidge, 1989). Banksia woodlands of the Swan Coastal Plain now exist mainly in 
fragmented, disturbed, remnant pockets (Hopper and Burbidge 1989). 
 
This report describes the results for a series of investigations designed to generate knowledge 
that can support the restoration of composition, structure and function of Banksia woodland 
communities of the Swan Coastal Plain region. Central elements include detailed 
measurement of restoration site conditions, examination of soil seed banks and topsoil 
treatments (e.g. smoke and heat to aid germination of soil stored seeds), soil-water 
availability and use relative to bushland condition and rehabilitation treatment, and 
assessment of key fauna indicators of site condition (e.g. ants). These investigations focus on 
sites within Beeliar Regional Park (southern Perth metropolitan area) identified for 
rehabilitation and restoration by environmental consultants to the Fiona Stanley Hospital 
Project, Strategen Pty Ltd. These sites are paired with adjacent bushland sites varying in 
condition, from heavily degraded to high quality, in order to identify the success of different 
restoration procedures. It is hoped that these studies will provide improved information 
necessary to identify critical success factors, evaluate restoration success and provide the 
foundation for successful rehabilitation efforts. 
 
The management plan for Beeliar Regional Park (DEC 2006) identifies a range of threats and 
management priorities for both flora and fauna of upland communities of the southern Perth 
metropolitan area, including continuing loss of surrounding native woodland vegetation, 
weed invasion and spread, dieback (Phytophthora cinnamomi) risk, unplanned fire, and 
impacts of human recreation/use within the park. Management goals for flora and fauna of 
Beeliar Regional Park are focused on maintaining native species diversity and preventing the 
spread of weeds and dieback. Conservation actions associated with the construction of the 
Fiona Stanley Hospital are aimed at minimising impacts of woodland loss and rehabilitating 
ecologically degraded portions of the Beeliar Regional Park. The role of science in the 
process is to help establish clear restoration goals that provide measureable benchmarks. 
Particularly pertinent is the identification of biotic and abiotic thresholds that can guide the 
kinds and levels of interventions necessary to achieve specified rehabilitation objectives 
(Hobbs and Cramer 2008). While much has been written about such thresholds, identifying 
their attributes and determining appropriate responses remains a challenge. To identify 
critical restoration success factors, we implemented a broad program of experimental and 
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monitoring studies ranging from fine scale experiments examining soil seed bank dynamics 
to broader scale multi-taxa studies examining efficacy of restoration in Banksia woodlands 
along a gradient of disturbance. This gradient includes the topsoil transfer rehabilitation sites 
within the Beeliar Regional Park and paired adjacent bushland sites corresponding (where 
possible) with the six-level bushland condition assessment (excellent, very good, good, fair, 
poor, very poor) of Kieghery (1994). Key lines of investigation seek to provide data on 
restoration trend and to incorporate at least some between-year variation in climate. This is 
particularly critical in relation to studies of soil water availability and use by plants. Others 
focus on detailed shorter-term investigations completed within a single year.  
 
Together, these investigations will inform approaches for increasing the success of 
revegetation techniques by reducing threats, ameliorating environmental conditions, and 
reintroducing more native species using procedures that reduce the long term costs of site 
manipulation and management. 
 
Restoration Interventions Examined 
 
Topsoil transfer.  The focus of our studies was on topsoil transfer, its benefits, and how to 
obtain the best results from it. Topsoil transfer involves removal of the upper layer (usually 
10-20cm) of the soil profile from an area of natural vegetation which is to be  cleared, and 
subsequent relocation to an area selected to undergo a restoration actions (Rokich et al. 
2000). While the logic of removing high quality areas of native vegetation and then 
attempting restoration of degraded areas elsewhere as an offset has been questioned, the 
process is accepted by industry and government  as the best option, given constraints of 
ownership and spatial factors (Hobbs and Harris 2001; Hobbs 2011). Topsoil transfer is a 
potentially powerful tool in restoration, as the topsoil brings with it a considerable store of 
viable seeds, and other propagule types (e.g. bulbs and other regenerative plant parts) along 
with soil microbes, organic matter and nutrients essential for plant growth (Bellairs and Bell 
1993; Rokich, Dixon et al. 2000; Maher 2009). Topsoil transfer is extensively used in other 
vegetation communities: it underpins successful post-mining rehabilitation by Alcoa 
following bauxite removal in Jarrah forests (Koch 2007).  The soil seed bank in topsoil may 
be a vital ecological legacy since it stores a large portion of native woody species 
reproduction that has taken place during the life of the stand - usually the time since last fire 
(Bell 1999). Moreover, many species present in the soil seed bank are difficult to impossible 
to propagate and their seeds are exceptionally difficult and expensive to obtain (Koch 2007).  
Propagules are stored as dormant seeds in the soil seed bank and are triggered to germinate 
following cues related to fire, including heat and smoke (Bell, 1999).  
 
Methods of introducing propagules to restoration areas (e.g. broadcast seeding, topsoil 
transfer, nursery stock plantings) have shown varied success (Jefferies et al. 1991; Rokich, 
Dixon et al. 2000; Turner et al. 2006). However, the need to improve restoration techniques is 
an essential part of conserving these and other ecosystems for future generations (Hobbs 
2011).  Rehabilitation programs based on topsoil transfer are in their infancy although have 
been used with success in nearby post-mining rehabilitation by emulating disturbance timing 
as closely as possible (summer-autumn transfer of soil and minimal storage time).  
Mechanistic understanding of the conditions necessary to maximise germination continue to 
be investigated and require examination across additional vegetation types beyond Jarrah 
forest. Ideally, topsoil for use in offset sites will have low or no stockpile time, have high 
native species seed density, and low weed seed density, but beyond that we know very little. 
Transfer topsoil may also incorporate mulched native vegetation from the cleared site, 
potentially contributing a viable propagule mix including bulbs, and other vegetative plant 
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parts, and the seeds from woody fruits of serotinous species (Bellairs and Bell 1993; Rokich, 
Dixon et al. 2000; Herath et al. 2009). 
 
Direct Seeding.  Site restoration procedures based on the use of seed mixes collected from 
woodland areas surrounding the proposed restoration area are commonly used when no 
topsoil is available or to supplement seed for species that may not be well represented in the 
soil seed bank (Herath et al, 2009). While this has been effective in returning some species 
not represented in the soil seed bank, it does not always prove successful due to low seed 
production in some species groups (e.g. resprouting species) and specific (and complex) 
germination requirements of others (Boydak 2003; Close 2003; Banerjee et al. 2006). 
Previous research suggests that broadcast seeding alone is not a reliable method for 
successful restoration given low establishment rates, and the expense and difficulty of seed 
collection (Rokich, Dixon et al. 2000; Standish et al. 2008; Ruthrof et al. 2010) – e.g. 
germination efficiencies of < 7% for understory shrub species have been reported for restored 
sand quarries on the Swan Coastal Plain (Rokich et al. 2000), although increased success 
rates following a range of pre-treatments such as scarifying, ash-bedding, fertilizing and soil 
wetting agents have been reported (Clarke 2002; Ruthrof, Douglas et al. 2010), but success 
rates remain low for Banksia woodlands (Banerjee et al, 2006: Turner et al, 2006). Despite 
these limitations, direct seeding remains one of the most common methods for returning 
native vegetation to a site (Turner et al, 2006) and is deserving of comparison with the 
outcomes of the topsoil transfer approach. 
 
Key objectives that we seek to deliver upon in this program of research – with focus on 
topsoil transfer to offset sites –are analysis and interpretation of the following issues in the 
context of restoration success: 
1.  Soil seed bank (topsoil) quality, manipulation and monitoring of studies that facilitate 
maximization of native plant species richness, and minimization of alien/invasive species and 
pathogens; 
2.  Soil water regimes and patterns of plant water use, and rehabilitation techniques leading to 
the development of rehabilitation protocols for Banksia woodlands that promote the highest 
plant survival rates; 
3. Comparison of results from projects 1-2 above, with those for paired remnant Banksia 
woodland sites ranging in quality and condition (very poor to very good) in relation to critical 
success factors for rehabilitation and restoration with special attention to water availability 
and use, soil physical properties, faunal indicator species, and weed impacts;  
4. The benefits of herbivore exclusion for native plant species recruitment growth and 
survival in relation to projects 1-2 above; and 
5. Ants as indicators of ecosystem health and recovery, and as seed harvesters, providing 
rapid survey procedures for identifying restoration success in relation to ecosystem function. 
 
The over-arching objectives of restoration procedures are to restore degraded sites to a level 
of ecosystem function that resembles the original site or a function that is defined in specific 
completion criteria for that project (Hobbs and Norton 1996; Hobbs and Harris 2001). Precise 
criteria such as species richness, composition, abundance, key species and ecological function 
are still being debated and critiqued (Hobbs and Harris 2001; Hobbs 2011). Successful 
restoration also aims to reduce undesirable species (often exotic weed species) and to foster 
conditions conducive to establishment, persistence, and resilience of native plant species 
(Hobbs and Norton, 1996: Herath et al, 2009). In this report we seek to provide evidence-
based restoration procedures - particularly as they pertain to the use of topsoil transfer - that 
maximise the structural, compositional and functional attributes of restored Banksia 




This report provides; i. an executive summary which presents the aims and conclusions of 
each area of investigation, ii. a background chapter which describes the offset sites used for 
these investigations and the weather conditions experienced at these sites over the period of 
study, iii. individual chapters that report on the specific aims, methods and results of each 
investigation, and iv. a set of Appendices that provide further information pertinent to the 
investigations undertaken. Appendices also contain copies of theses and reports separately 






Chapter 2: Background information 
 
Site descriptions and histories 
 
Site 1: 4.9ha 
Site 1 is located immediately south of Beeliar Drive and west of Kogolup Lake. The northern 
boundary abuts the Beeliar Drive road reserve.  The eastern boundary is inset from and approximately 
parallel to the edge of the Kogolup Lake water body.  The southern and western sides of the site are 
bounded by Beeliar Regional Park bushland.  Most of the site was fenced prior to spreading of topsoil.  
However, the western portion remained unfenced until late winter 2010. 
 
Topsoil spreading took place in October – November 2008 to a target average depth of 150 
mm. Strategen depth checks (n=50) revealed an average depth of 196±63 mm (s.d.) with 
range from 80 – 300 mm. Regular weed control was undertaken by a commercial provider 
using Glyphosate to spray invasive species. Spraying was excluded from experimental 
quadrats used in this study, but spraying occurred occasionally in some quadrats.  Prior to 
topsoil transfer the site was extensively controlled for weeds, particularly pigface 
(Carpobrotus edulis).   
 
Site 1 received transplanted mature Xanthorrhoea preissii and salvage logs for fauna use.  
Supplementary planting with local provenance seedlings was undertaken in winter 2010, 
2011, and 2012, with additional direct seeding across areas of lower productivity in early 
June 2011.  Summer watering was applied between December 2011 and March 2012 to 
exposed seedlings in areas noted by Strategen  to have lower survivorship.  These treatments 
were excluded from experimental quadrats described here. 
 
Site 2: 3.7ha 
Site 2 is located west of Kogolup Lake amongst remnant vegetation adjacent to the suburb of 
Lesueur and contains a Water Corporation easement approximately 10 m wide. In terms of 
the rehabilitation works, the Water Corporation needs to ensure ongoing access to its 
infrastructure into the future.   
 
Site 2 was subdivided into sections for the purposes of rehabilitation.  Existing tracks 
crossing the easement in two locations will be maintained as access tracks and therefore 
excluded from rehabilitation.  Whilst the site is gated and fenced, existing tracks with gates 
for pedestrians do not completely exclude rabbits.  The site was treated with topsoil relocated 
from the Fiona Stanley Hospital site in November 2008.  Average topsoil depth (n=30) was 
210±76 mm with a range of 120 – 330 mm. Regular weed control was undertaken by a 
commercial provider using Glyphosate to spray invasive species and some hand weeding in 
2009.   
 
Site 2 received transplanted Xanthorrhoea preissii and salvage logs for fauna use.  
Supplementary planting with local provenance seedlings was undertaken in winter 2010, 
2011, and 2012, with additional direct seeding across areas of lower productivity in early 
June 2011.  These treatments were excluded from experimental quadrats. 
 
Site 3: 0.9ha 
Site 3 is located east of Kogolup Lake and west of Hammond Road and is completely fenced.  
The western boundary abuts an existing revegetation site established by DEC.  The northern 
boundary is adjacent to the Emmanuel Catholic College.  The eastern and southern 
boundaries abut Beeliar Regional Park bushland.  The site is of low relief and contains a 
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number of logs dotting the area along with scattered individual living native plants.  The 
vegetation condition at the site prior to commencement of revegetation activities could be 
described as Degraded to Completely Degraded according to the Keighery vegetation 
condition scale (Keighery 1994).  A range of weeds exist on site, including Pigface 
(Carpobrutus edulis), Veldt (Erharta calycina), Rose pelargonium (Pelargonium capitatum), 
and Arum lily (Zantedeschia aethiopica) which are also present in the surrounding bushland. 
 
The site was treated with topsoil relocated from the Fiona Stanley Hospital site in November 
2008.  Average topsoil depth (n=10) was 197±52 mm with a range of 130 – 290 mm. Regular 
weed control was undertaken by a commercial provider using Glyphosate to spray invasive 
species from2008 to 2012.  A bushfire just outside the site occurred in February 2010 
resulting in damage to the fence and some traffic along the boundary.  Fencing was replaced 
by May 2010.  Further re-vegetation and planting of local provenance seedlings, including 
Eucalytus rudis occurred in winter 2011 and 2012. 
 
Site 3 received transplanted Xanthorrhoea preissii and salvage logs for fauna use. 
 
Site 4: 7.1ha 
Site 4 is located on the southern side of South Lake, west of North Lake Road and is 
completely fenced.  The western boundary abuts revegetation undertaken for the Cockburn 
Industrial Estate.  The northern boundary follows the fringing vegetation surrounding the 
edge of South Lake.  The southern boundary is a limestone firebreak adjacent to the railway 
reserve.  The eastern boundary abuts remnant vegetation and needs to be maintained west of a 
Water Corporation easement.  The site consists of a patchy combination of natural regrowth 
fragments and open ground.  The vegetation condition at the site prior to the commencement 
of revegetation could  be described as Degraded according to the Keighery vegetation 
condition scale (Government of Western Australia 2000, Table 1.1).  Key weed species at the 
site include Pigface (Carpobrutus edulis), Veldt (Erharta calycina), Yellow Soldier 
(Lachenalia reflexa) and Blowfly grass (Briza maxima).  
 
This site was treated with herbicide (Glyphosate) during 2009 to control the high cover of 
Pigface.  Topsoil transfer occurred in Autumn of 2010.  Two areas (east, west) were 
established with different target topsoil depths (100 mm and 150 mm, respectively) as 
experimental treatments.  Average topsoil depth (n=12) for the eastern area was 115±26 mm 
with a range of 80 – 150 mm, and for the western area was 158±39 mm (n=12) with a range 
of 100 – 230 mm. The area was further subdivided such that each topsoil depth area was split 
into areas with and without direct seeding following topsoil transfer. The experimental sites 
used in this study were located solely in the control areas, i.e. those not receiving direct 
seeding inputs.  Regular weed control was undertaken by a commercial provider using 
Glyphosate to spray invasive species from 2008 to 2012.  Supplementary planting with local 
provenance seedlings was undertaken in winter 2011, and 2012.  Treatments were excluded 
from experimental sites. 
 
Areas noted to be impacted heavily by non-wetting soils were treated with a soil wetting 
agent.  In particular, areas to the north-west were noted to have very low seedling survival 
rates following planting in 2011.   
 
Site 5: Not used in this study 
 
Site 6: 5.0ha 
Site 6 is located south-east of Kogolup Lake and north of Thomson’s Lake.  The western and 
northern boundaries abut intact remnant vegetation, whilst all other boundaries abut degraded 
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native vegetation.  The site is dissected by a drain which is part of the Southern Lakes 
Drainage Scheme.   
 
Existing vegetation at Site 6 consists of scattered individual trees and small copses, mostly 
Swamp Paperbark (Melaleuca rhaphiophylla) and Modong (Melaleuca cuticularis) (in the 
low-lying parts of the site to the west) and Tuart (Eucalyptus gomphocephala) and Banksia 
species (to the east), over a weedy understorey.  The vegetation condition at the site prior to 
commencement of revegetation could be described as Degraded to Completely Degraded 
according to the Keighery vegetation condition scale (Government of Western Australia 
2000, Table 1.1).  A range of weeds exist on site, with key species being Veldt grass (Erharta 
calycina) and Pigface (Carpobrutus edulis), and other weeds on the site including Rose 
pelargonium (Pelargonium capitatum), Arum Lily (Zantedeschia aethiopica), Gladiolus 
(Gladiolus spp), Blowfly grass (Briza maxima) [in particular near western edge], Watsonia 
(Watsonia bulbilifera) [near western edge], Bulrush (Typha orientalis) [in drain] and Kikuyu 
(Pennisetum clandestinium). 
 
Topsoil was not spread at this site. Rather, weed control (herbicide spraying) was conducted 
by blanket spraying with a 4wd quad and boom unit (August 2009) followed by spot spraying 
there-after. Fencing occurred in autumn 2011 followed by poisoning of rabbits within the 
fenced area.  The site was used experimentally in 2011 (see Andrew Fry Honours Thesis 
attached as Appendix 3 to this report) to test the effectiveness of soil wetting agents in 
facilitating winter recruitment from broadcast seeding of the site in late Autumn 2011. 
Direct seeding of the site was undertaken in May 2011, with local provenance seedlings 
installed in June 2011 and 2012. 
 
 
Table 1.1. Bushland condition scale (following Keighery 1994). 
 
Pristine Pristine or nearly so, no obvious signs of disturbance 
Excellent Vegetation structure intact, disturbance affecting individual species and weeds are non-aggressive species 
Very good Vegetation structure altered, obvious signs of disturbance 
Good Vegetation structure significantly altered by very obvious signs of multiple disturbances. Retains basic vegetation structure or ability to regenerate it 
Degraded 
Basic vegetation structure severely impacted by disturbance. Scope for 




The structure of the vegetation is no longer intact and the area is completely 














Table 1.2. Summary of restoration site treatments. 
 
Site Size Topsoil 
Weed 






Nov 2008 Yes Mostly 2008, remainder 2010 
Some planting in 
2011 and 2012 with 
local provenance 
seedlings for Jarrah/ 
Banksia woodland 
and E.rudis 






3.7 Nov 2008 Yes 
 
 
Yes, late 2008 but 



































Seedlings for Jarrah/ 
Banksia woodland; 
and E. rudis/ M. 
raphiophylla low 














seedlings of Tuart/ 
Banksia/ Jarrah 


































Figure 1.1. Location of sampling plots at Fiona Stanley Hospital site (top); Locations of 






















Figure 1.2. Sampling plot locations in remnant bushland and offset restoration sites around 
Lake Kogolup (top); Sampling plot locations, and position of deep and shallow topsoil areas 
at South Lake (bottom).  
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Climatic conditions 2009 – 2012 
 
Relative to mean conditions over 22 years of climate records for the nearest Australian 
Bureau of Meteorology climate station (Jandakot, ~6 km from site 1), this study took place 
under drought to average rainfall, and warmer than average summer daytime temperature 
conditions (Figs 1.3 and 1.4).  Three of the four years from 2008, when topsoil transfer 
occurred at sites 1 – 3, to present show below average rainfall, with 2010 a year of extreme 
drought, receiving only 62% of mean rainfall (Fig 1.3bottom). In contrast, rainfall in the final 







Figure 1.3. Total and mean monthly rainfall (top), and cumulative total and mean rainfall 
(bottom) for each year from 2008-09 to 2011-12 (years running April to March). 
 
 
Mean daily temperatures were higher than average in summer in all four study years, and 


















































around average in winter, but mean minimum temperature was lower than average in 2009-10 




Figure 1.4. Daily and long-term mean maximum (top) and minimum (bottom) temperature by 
month for each year from 2008-09 to 2011-12 (years running April to March).  
 
These climatic conditions are likely to have adversely affected recruitment and persistence of 
plants in offset sites since the first two years of vegetation development at topsoil transfer 
sites 1 – 3, and the first year at topsoil transfer site 4, were associated with drier than average 
winters and hotter than average summers, likely leading to higher drought and heat related 























































































Chapter 3:  Composition and quality of bushland sites 
 
Aim: to quantify and understand the differences in species composition (e.g. richness, native 
vs invasive species) and condition (level of negative impacts on structural and compositional 
attributes, sensu Keighery 1994) for bushland vegetation at the Fiona Stanley Hospital site 
(condition rated as excellent) relative to bushland remnants in the vicinity of proposed offset 
restoration sites (condition rated as degraded to completely degraded). Biological attributes of 
Fiona Stanley Hospital site bushlands help to define possible restoration targets and facilitates 
comparison with developing plant community composition on offset sites.  
 
Methods:  A single 10 x 10 m (100 m2) vegetation sample plot was located in remnant native 
bushland adjacent to proposed measurement transects (see Chapter 3) at each of the offset 
areas. At site 1, three plots (plot numbers 104-106) were established to match offset transects 
established in the unfenced, and upper and lower elevational areas of the fenced, topsoil 
transfer areas (see Figs. 1.1 and 1.2 for all site and plot locations). At site 2 two plots (203 – 
204) were established directly adjacent to transects located in the east and west of this linear 
topsoil transfer site. At site 3 only one plot (302) was established in nearby bushland due to 
the small size of the offset area and available local remnant vegetation. At site 6, one plot was 
established in bushland inside the fenced Thompsons Lake Reserve (601), one in degraded 
bushland  (602) and three in completely degraded bushland near the drain that flows through 
then site. While all other plots were in banksia woodlands, these latter plots (603 – 605) were 
in a low-lying part of the landscape more likely formerly characterized by a wetland margin 
plant community and so were not always used in analyses subsequently reported here. No 
plots were established in the vicinity of site 4 as there was no suitable remnant bushland 
(banksia woodland) nearby. 
 
Within each plot all plant species were identified and assigned a cover-abundance score using 
the Braun-Blanquet cover-abundance scale (Mueller-Dombois and Ellenberg 1974). This 
scale provides a rapid assessment, semi-quantitative measure of abundance that is easy to use, 
shows minimal variation in precision of use among different field workers, and provides data 
for multivariate analysis of vegetation patterns similar in analytical quality to fully 
quantitative information. Plant species cover, richness (S), Shannon diversity (H’), evenness 
(J’) and a range of other vegetation attributes  (including numbers of native vs invasive 
species, woody and non-woody species, resprouting and non-sprouting species, etc. – see 
table 2.1 for a full list) were calculated for each plot based on cover-abundance scores for 
species, and significance of difference between site types (Fiona Stanley Hospital site plots, 
bushland remnants near offset sites, and regenerating offset sites) tested using one-way 
Anova with Tukey’s post hoc comparison of means (P<0.05).  
 
Nonmetric Multidimensional Scaling (NMDS; Minchin 1987) was used to describe patterns 
in plant species composition and to assess their relationship to measured summary variables. 
NMDS is an indirect ordination procedure that has been demonstrated as particularly robust 
in relation to non-linearities associated with data sets that span broad environmental gradients 
(Minchin 1987). It is an iterative procedure that orders samples in a defined number of 
dimensions based on the ranked distances between sample units (McCune and Grace 2002). 
NMDS analyses were run for the Sorensen’s (Bray-Curtis) resemblance matrices of species 
cover scores using PC-Ord version 5.04 with instability criterion of 0.00001 and 250 
iterations, and Monte Carlo randomization (n=249) (McCune and Mefford 1999). General 
vegetation attributes (richness, diversity, invasives, etc.) were correlated with NMDS 
ordination axis scores and those with significant Pearson’s correlation displayed as vectors 









Species richness S 
Shannon Weiner Diversity H’ 
Evenness E 
Native species richness Native, Nat 
Invasive species richness Invasive, Inv 
Woody species richness Woody 
Non-Woody species richness Non-W 
Resprouter species richness Rs 
Non-sprouter species richness Ns 
N-fixer species richness N-fix 
Dispersal mechanism   
                  none Disp_baro 
                  wind Disp_anem 
                  ant Disp_ant 
                  bird/animal Disp_bird 
Seed size  
                  small (<2 mg) Seed_sml 
                  moderate (2 – 20 mg) Seed_mod 
                  Large (>20 mg) Seed_lge 
 
Results and Discussion: Quantitative analysis of 100 m2 vegetation plots in bushland at the 
Fiona Stanley Hospital site and in bushland remnants adjacent to offset sites shows that the 
Fiona Stanley Hospital sites are of high quality compared to most sites elsewhere in the 
Beeliar Regional Park system of reserves. Mean species richness, evenness, and Shannon 
diversity are higher in the Fiona Stanley Hospital site plots (Table 2.2), while mean species 
richness and cover of exotic (invasive) plant species is higher in remnant bushlands adjacent 
to the offset sites. Bushland sites 203 and 204 are exceptions, with values close to those for 
the Fiona Stanley Hospital sites, and represent high quality remnant bushlands. Overall, 179 
species were recorded across the sample of 23 plots, including 21 exotic (invasive) species. 
All species are listed in Appendix 1 to this report. 
 
Multivariate analysis of vegetation plots using non-metric multidimensional scaling (NMDS; 
PC-Ord version 5, McCune & Mefford 1999) confirms a strong gradient in plant species 
composition from high quality sites at Fiona Stanley Hospital to highly degraded bushland 
adjacent to the offset sites.  Remnant plots 603 – 605 strongly influence the bushland remnant 
sites analysis due to their very degraded condition (low cover, low native species richness) 
and re-analysis after removal of these plots better reveals the relationships between the Fiona 
Stanley Hospital bushland and other comparable bushland remnants in the region. The 
Analysis provided a 3 dimensional solution with stress of .09.  NMDS axis 2 accounts for 
65% of variance in the rank distance matrix, and Axis 1 a further 15%. Fiona Stanley 
Hospital site bushlands  are grouped together with low scores on axis 2, while other bushland 
samples are more widely scattered in teh ordination speace, indicating more variability 
among sites in species composition. Fitted vectors show strong correlations (P<0.01) between 
plot locations on axis 2 and native (-ve) and invasive (+ve) species richness, as well as for 
plant species with small seeds (typically barochorous; i.e. having no specific adaptation for 
seed dispersal). The bushland samples show higher levels of invaded species occurrence, 
other than for site 601 in Thompsons Lake Reserve, and lower richness of native species. 
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Common invasive species in the bushland remnants include Ehrhardta calycina (veldt grass), 
Sonchus , Conyza and Briza species, and Carpobrotus edulis (ice plant).  
  
Table 2.2. General vegetation attributes of Bushland plots at the Fiona Stanley Hospital site 
(plots FSH1-12) and bushland areas adjacent to off-set sites 1, 2, 3 and 6 (plots 104 – 605).   
S = species richness, H’  = Shannon Weiner Diversity, E = Shannon Weiner evenness, 
number and % cover (mid-point of back-transformed Braun-Blanquet cover score classes) for 
invasive  species. Means and standard error (s.e.) of mean shown for Fiona Stanley Hospital 
versus other bushland sites. 
 





104 26 0.774 2.52 6 29 
105 28 0.829 2.763 9 10 
106 26 0.799 2.605 13 48 
203 40 0.808 2.981 7 21 
204 35 0.81 2.88 6 20 
302 26 0.763 2.487 9 61 
601 27 0.725 2.391 8 20 
602 25 0.741 2.385 9 58 
603 13 0.754 1.935 5 19 
604 7 0.466 0.906 6 70 
605 13 0.725 1.86 6 43 
mean 24.2±2.9 0.74±0.03 2.34±0.18 7.6±0.7 36±6 
      FSH01 52 0.796 3.143 4 4 
FSH02 34 0.731 2.579 4 4 
FSH03 33 0.774 2.707 4 4 
FSH04 39 0.786 2.88 3 3 
FSH5 53 0.837 3.324 5 7 
FSH6 48 0.858 3.323 5 7 
FSH7 38 0.814 2.961 4 6 
FSH8 42 0.798 2.984 6 6 
FSH9 44 0.798 3.019 5 7 
FSH10 41 0.824 3.062 3 3 
FSH11 40 0.827 3.051 8 12 
FSH12 39 0.833 3.054 7 9 








Figure 2.1. NMDS ordination of Fiona Stanley Hospital bushland (plots labelled FSH1-12) 
and remnant bushland plots (plots labelled 104 – 602) after exclusion of highly degraded 
plots 603 – 605.  
 
While overall vegetation composition and species attributes clearly differentiate bushland 
condition and provide sound guidance for desired restoration objectives, tree layer vegetation 
data do not correlate with overall bushland quality (Table 2.3). Sites of high quality can be 
characterised by low tree layer diversity and density, while degraded sites can have both 
higher tree layer richness and greater evidence of tree species recruitment. Since tree species 
recruitment in banksia woodlands is most frequently associated with disturbance by fire, it is 
possible that other forms of disturbance in degraded sites have facilitated some tree species 
recruitment in open/disturbed patches, while recruitment in higher quality sites depends on 
the occurrence of fire – and no fires have occurred in these sites for many years. 
Nevertheless, in highly degraded sites (e.g. plots 602 – 605) degradation has likely exceeded 
the threshold beyond which recruitment is possible. Tree species present varied markedly 
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among sites; while Fiona Stanley Hospital sites (and those at site 2) were dominated by 
Banksia attenuata, B. menziesii, Allocasuarina fraseriana and Eucalyptus marginata (Jarrah), 
Eucalyptus gomphocephala (Tuart) and Melaleuca preissiana were prominent at site 1, and 
Banksia ilicifolia at site 6 (and site 4 – not included in this analysis), suggesting possible 
environmental differences between sites that may affect restoration trajectories. 
 
 
Figure 2.2.  NMDS ordination of species for Fiona Stanley and other remnant bushland plots 
(excluding plots 603 – 605). Species names are coded as first 4 letters of genus followed by 





Table 2.3. Tree layer attributes of Bushland plots at Fiona Stanley Hospital (FSH1-12) and 
bushland adjacent to off-set sites 1, 2, 3 and 6 (104 – 605). Number of tree species, number of 









Species No. Inds 
No. 
Saplings 
104 3 4 4 FSH01 1 1 1 
105 5 4 4 FSH02 2 5 1 
106 5 6 28 FSH03 2 3 4 
203 4 11 9 FSH04 2 5 2 
204 3 3 1 FSH5 2 3 0 
302 3 5 3 FSH6 3 6 0 
601 2 4 1 FSH7 2 6 0 
602 2 5 0 FSH8 3 6 0 
603 1 1 0 FSH9 2 3 0 
604 0 0 0 FSH10 3 5 0 
605 2 2 0 FSH11 1 2 0 
    
FSH12 2 4 0 
mean±se 2.7±0.5 4.1±0.89 4.6±2.5  2.1±0.2 4.1±0.5 0.7±0.4 
 
 
Conclusions: The Fiona Stanley Hospital site bushlands were confirmed as being in excellent 
condition based on high species richness of native plant species, and low richness and cover 
of invasive species relative to remnant bushlands adjacent to the planned topsoil transfer 
(offset) sites. Bushland quality was determined more by the nature of understorey species 
composition and cover than of tree layer attributes, with no clear relationship between tree 
layer richness and cover, and understorey attributes (see Appendix 4 for more detail on this 






Chapter 4: Plant recruitment and persistence in topsoil transfer offset 
sites 
 
Aims: To trace the levels of recruitment and persistence of plant species deriving from 
transferred topsoil in offset sites (sites 1-3 from 2009 to 2012; site 4 from 2010 to 2012). To 
compare recruitment and persistence among samples both within and between offset sites, 
quantifying levels of native and invasive species richness, and especially of native perennial 
species relevant to the longer-term development of vegetation structure and cover at these 
sites.  
 
At site 4, topsoil transfer occurred more than a year later than at the other sites. Here, the area 
was divided into two parts which received different topsoil depths  (proposed as 150 mm vs 
100 mm) to allow comparison of the effect of a shallower topsoil depth treatment relative to 
depths (proposed 150 mm – but see site history section for actual depths)  used at the earlier 
sites. Shallower topsoil treatment allows potential for greater areal coverage per hectare of 
bushland cleared, and may provide the same level of recruitment since most seeds will only 
emerge from the top 50mm of soil, but shallower depth may also facilitate regrowth of some 
aggressive invasive species derived from the former (now buried) soil surface. 
 
Methods: Transects 24 m long by 1 m wide were established at each offset site, and n=12 
alternating 1 m2 quadrats were marked out along each transect. At site 1 transects were 
established in the unfenced area (transect 101) and upper (102, n=2 transects) and lower (103; 
n=2 transects) parts of the fenced area.  Two transects were established at site 2 (201 and 
202), one at site 3 (301), and two at site 4 – one in each of the topsoil depth treatment areas 
(401 – shallow, 402  -deep). Quadrats were quantified for plant density by species over 3 
years; specifically, in Spring 2009, Autumn and Spring 2010 and 2011, and Autumn 2012.  
The area at site 1 around transect 101 was fenced in 2010 following regular damage from trail 
bikes. Details of sites and quadrats are shown in full in Table 3.1. 
 
Table 3.1. Summary of transect and quadrat location at each topsoil transfer site. Notes 
indicate if sites were fenced, if fences were breached, allowing herbivore impacts, and if 
vandalism occurred. Bushland plot refers to the nearest comparison bushland plot.  
 
Site Transect quadrats notes Bushland plot 
1 101 12 Unfenced, vandalised 2009, fenced 2010 104 
 102 east 12 Fenced, upper slope 105 
 102 mid 12 Fenced, upper slope  
 103 east 12 Fenced, lower slope, vandalised 106 
 103 mid 12 Fenced, lower slope, vandalised  
2 201 12 Fenced, vandalised 203 
 202 12 Fenced, vandalised 204 
3 301 12 Fenced, fire and herbivore damaged 302 
4 401 12 Fenced, topsoil 100mm - 
 402 12 Fenced, topsoil 150mm - 
 
 
Sites were measured in late Spring to obtain a measure of all species, including winter 
annuals, likely to be found at the site, and in late Autumn to identify summer mortality and 
species persistence (i.e. species most likely to contribute to long term vegetation development 
at the site). Analyses of seedling recruitment and survivorship are reported for replicate 
transects of 12 x 1 m2 quadrats, For purposes of the present analysis, 1 m2 quadrat data was 
summed by transect line (since numbers of individuals per quadrat was often very low), so 
27 
 
that transects are samples, each representing an area of 12 m2. Analysis includes 
interpretation of changes over time since topsoil transfer. Topsoil transfer at sites 1 – 3 
occurred in late 2008, prior to commencement of this project late in 2009, so that no 
experimental treatments were possible prior to seedling germination and establishment in the 
winter of 2009. Topsoil transfer at site 4 occurred in Autumn 2010 so that treatments were 
possible here and these are described in more detail in section 4 below. 
 
Results and Discussion: A total of 122 species were identified in the quadrats spanning sites 
1-4, including 35 invasives (all species are listed in Appendix 1). All invasives were non-
woody, only 5 were perennial and only one was a Nitrogen-fixer (Table 3.2). In contrast, 49 
of 87 native species were woody, including 17 of the 18 recorded N-fixer species (mostly 
Fabaceae). 
 
Table 3.2. Distribution of selected life history traits among species recorded at topsoil 
transfer sites over the 3 years from Spring 2009 to Autumn 2012. Total number of species 
recorded is 122. 
 
  Woody Non-woody N-fixer 
Invasive Resprouter 0 5 0 
 Non-sprouter 0 30 1 
Native Resprouter 23 15 7 
 Non-sprouter 26 23 10 
 
Total seedling density, total species richness, and richness and density of invasives were 
generally higher in Spring than in Autumn, reflecting the seasonal pattern of rainfall and 
growth of winter annuals and geophytes (Table 3.3). Density and richness were also at, or 
close to, their overall maximum at the first measurement in Spring 2009, reflecting the 
germination of soil stored seeds in the first winter recruitment period following topsoil 
transfer.  Density and richness declined over each summer. Spring density was lowest in 2010 
following a very dry winter, increasing to near its first year value in Spring 2011 following an 
average winter rainfall year. This suggests that there is an annual crop of exotic and native 
winter annuals available to colonise quadrats from seed produced each year. Native species 
richness varied less markedly between seasons, and over the 3 years of remeasurement, but 
also showed a Spring peak. Most of the native species added in Spring are winter annuals, but 
a few woody species also recruited in the winters of 2010 and 2011, including 
Gompholobium tomentosum and Leucopogon conostephioides, the former most likely from 
new seed produced by plants recruited in 2009, and the latter from residual soil-stored seed 
(since plants established in 2009 had not yet reached reproductive maturity). Occasional 
individuals of some other woody species, including Adenanthos cygnorum (soil-stored) and 
Eucalyptus spp. (seed rain from nearby canopy sources) also recruited in years 2 and 3. 
However, overall, native perennial species richness has shown little change over the first 3 
years of regeneration following topsoil transfer.  This pattern mirrors the initial floristic 
successional mode of Banksia woodland and upland southwestern WA plant communities in 
general. 
 
In addition to the variations in density and species richness trends though time resulting from 
seasonal patterns of recruitment and mortality, progress of time, and on-going seed sources, 
there were marked differences between sites, even though they were all treated with the same 
topsoil at the same time. Mean species richness was highest in the first year at sites 1 and 2 
for areas where fencing was installed before winter 2009 and remained in good order (Fig. 
3.1). In contrast, the unfenced area at site 1 (subsequently fenced in 2010) and site 3 initially 
showed markedly lower species richness. However, over time, the sites appear to be 
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converging in richness so that by Autumn 2012 there was little difference between sites (Fig. 
3.1).  Although higher herbivore pressure and trail bike damage likely explain the poor initial 
recruitment in upper site 1(initially unfenced) and 3 (fence breached after fire), there are 
several possible reasons for this convergence; i. Upper site 1was fenced in 2010 and fencing 
at site 3 was restored, so that herbivore and vandal impacts were removed in 2010, ii. The 
drought winter of 2010 increased mortality and decreased recruitment at all sites, and iii. 
there has been some on-going recruitment of woody species each year from residual soil seed 
bank stores and by dispersal from nearby bushland. Overall, the initially poor recruitment 
sites have shown an increase in richness of (predominantly native woody) species over the 
first 3 years, while the more species rich sites have shown a slight decrease from a peak in 
year 1. 
 
Site 4 is a topsoil transfer offset area established with topsoil transferred from the Fiona 
Stanley Hospital site in April 2010. The site was divided into two sections with topsoil depths 
of 10 and 15 cm in order to test whether a thinner layer of transferred topsoil would provide 
more areal coverage with the same outcomes in terms of vegetation development. The mean 
trend for species richness at site 4 from Spring 2010 shows a similar pattern to sites 1 and 2, 
and higher richness than site 3 (Fig. 3.1). While the issue of topsoil depth is treated elsewhere 
in this report, the relevant point here is that the overall pattern matches more closely to the 
year of measurement than to the year in which the topsoils were put in place; i.e. year to year 
variations in growing conditions are important in determining levels of species recruitment 
and density. 
 
Table 3.3. Average vegetation attributes in topsoil transfer sites by time of measurement. 
Data are means (±s.e.) for transects each containing 12 x 1 m2 quadrats. ; Density is per 12 
m2, S = species richness, E = Shannon Weiner evenness, H’  = Shannon Weiner Diversity. 
Values for Invasive, Native, Woody, Non-sprouter and N-fixer species are species richness. 
 
Time Density S E H’ Invasive Native Woody Respr Non-spr N-fixer 
Spr_09 207±54 28.9 0.79 2.51 8.5 20.4 10.3 8.4 20.5 4.3 
Aut_10 45±9 15.4 0.85 2.21 3.4 12.0 7.8 5.3 10.1 3.9 
Spr_10 105±23 23.9 0.82 2.56 8.3 15.6 9.4 7.3 16.6 3.8 
Aut_11 58±9 12.4 0.70 1.72 4.6 7.8 6.1 4.3 8.1 2.1 
Spr_11 188±32 34.3 0.80 2.79 11.8 22.5 12.6 10.6 23.6 4.6 
Aut_12 45±5 14.5 0.82 2.17 2.9 11.6 8.6 7.4 7.1 3.3 
 
NMDS ordination analysis of the transect by time data set of 56 transect/time samples and 
122 species provided a 3-dimensional solution with stress of 0.15, axis 1 accounting for 39% 
of the variance in the original distance matrix, axis 2 for 17% and axis 3 for 22% (total = 
78%).  Axes 1 and 3 provide the best graphical representation of transect/time relationships 
(Fig. 3.2), accounting for 61% of the variance in the rank distance matrix. Autumn samples 
(regardless of year) and samples from Transects 101 (the unfenced area at site 1) and 301 
(Site 3), are located with high scores on axes 1 and 3, and are associated with low species 
richness and density relative to the other transects, particularly for Spring remeasurements, 
which have lower scores on both axes. Total species richness and density, the richness of 
woody, native, non-sprouter, ant-dispersed and moderate seed size species all show a 
significant positive correlation with this direction in the ordination space (Fig. 3.2). These 
patterns of correlation reflect in general the much higher numbers of species and individuals 
in spring, e.g. non-sprouter density increases due to the presence of winter annuals (all non-
sprouters) and the recruitment of woody species including N-fixers such as Gompholobium 
tomentosum. The distribution of species in NMDS ordination space is shown in Figure 3.3, 





Figure 3.1.  Mean species richness (S) per site by sampling census time (1, 3, 5 = Spring 
2009, 2010, 2011; 2, 4, 6 =  Autumn 2010, 2011, 2012). Site labeled above as ‘1.1’ is 
unfenced transect 101, site labeled as ‘1.2 – 1.3’ is fenced transects 102  and 103 (n=4), site 2 
is transects 202 and 203 (n=2), site 3 is transect 301, site 4 is transects 401 and 402 (n=2) 
(remeasurement periods 3 - 6 only). Error bars are s.e. 
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Figure 3.2. NMDS ordination of transect data for topsoil transfer sites 1-4 measured from 
Spring 2009 to Autumn 2012. Overlay vectors shown are significant at P<0.01.  See 
Appendix 6 for full site code details (e.g. 101S11 = site 1 transect 1 Spring 2011 census).  
 
To further explore temporal patterns developing in the vegetation, an NMDS ordination was 
conducted separately for the Autumn samples only, so that the effect of winter annuals is 
removed and focus is on perennial plant species likely to contribute most to developing 
community structure and biomass. The analysis used 24 transect/time samples and 42 
perennial plant species that each occurred in at least two samples. A three dimensional 
solution with stress of 0.11 was chosen as the best analysis, with axes 1, 2 and 3 accounting 
for 39%, 36% and 13% of the variance in the rank distance matrix, respectively (total = 
88%).  Successional vectors are fitted that join the same transect at three points representing 
successive years of Autumn measurement (Fig. 3.4). Results show roughly consistent 
successional vectors in the highest quality offset areas (sites 102, 103, 201, 202), with 
transects shifting from generally high scores on axes 1 and 2 towards intermediate scores on 
axis 2. This reflects a slight decrease in overall species richness of native plant species from 
2009 to 2012 (Fig. 3.5), and decrease in density of several common woody species including 
Hibbertia subvaginata and Leucopogon conostephioides. In the former, decrease was mainly 
due to death of short-lived mature plants, while in the latter, it was due to the high mortality 
rate among large cohorts of seedling recruits. There is no evidence for an increase in the 
richness or density of invasive species over the first 3 years. This is likely due to the weed 






Figure 3.3. NMDS ordination of species data for Fiona Stanley Hospital project topsoil 
transfer sites 1-4 based on repeated measures from Spring 2009 to Autumn 2012. Overlay 
vectors shown are significant at P<0.01.  See Appendix 1 for full species name details.  
 
Transect 101 continues to show evidence of poor vegetation development, many of the key 
native woody species represented in the other transects being absent from this area, likely 
reflecting the impacts of site disturbance from herbivory and vandalism prior to fencing. 
 
Conclusions: Native plant species richness was higher in securely fenced than in unfenced or 
damaged fence sites, reflecting the likely impacts of herbivory from rabbits, and vandalism, 
where fences were not maintained in good order.  Damaged sites improved in species 
richness of perennial native plant species after fencing, suggesting that improved protection 
from these impacts is worthwhile even if not set up at project start.  
 
First year richness and abundance of both native and invasive species at site 4, where topsoil 
was transferred in 2010, showed no difference between shallow (100 mm) and deep (150 
mm) topsoil treatment areas. Thus, a thinner layer of topsoil transfer can increase the area 
treated without adversely affecting likely outcomes. However, as topsoil spread becomes 
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thinner, the risk of patchy, very shallow cover and residual recruitment of weeds from the 





Figure 3.4. NMDS ordination of quadrat data by transect for Fiona Stanley Hospital project 
topsoil transfer sites 1-3 showing successional trajectories for transect species compositions 
through time spanning the three Autumn measurement census dates from 2010 to 2012.  
 
There was a slight decrease in the richness of native plant species over the first 3 years of 
vegetation development at topsoil transfer sites, and an absence of key species of importance 
to long-term objectives of woodland development including food species for Carnaby’s 
Black-Cockatoo. Broadcast seeding and planting of nursery stock for such species is likely to 
be needed regardless of the quality of the seed bank in transferred topsoil. 
Spot weed spraying was effective in keeping weed species at low abundance, providing the 




In the first few years of site revegetation,  remeasurement in Autumn provides the best 
opportunity for rapid appraisal of levels of native  perennial species growth and survival, and 
assessment of overall vegetation structure development, with problem absences (e.g. of tree 
and large shrub species) readily identifiable.  Spring remeasurement provides better data on 
weed species loads, and of native annual and geophyte presence. 
 
 
Figure 3.5. NMDS ordination of species by transect for Fiona Stanley Hospital project topsoil 
transfer sites 1-3 showing vectors significantly correlated with species composition in 




Chapter 5: The Fiona Stanley Hospital site soil seed bank 
 
Aims: To quantify the abundance and distribution by depth of dormant, soil-stored seeds in 
the soils beneath high quality Banksia woodlands on the Fiona Stanley Hospital site prior to 
site clearance and topsoil transfer in order to: i. determine the extent to which the transferred 
soil seed store is diluted in relation to depth of soil cut taken and depth of topsoil deposited in 
transfer sites, and ii. identify the potential density and identity of plants (native and invasive) 
in offset sites based on dormant soil-stored seeds moved in the topsoil transfer. 
 
Methods: Soil samples were collected in April 2010 from vegetation plots FSH 1-8 in the 
high quality bushland remnant at the Fiona Stanley Hospital site, prior to site clearance and 
topsoil transfer to offset site 4 in May 2010. Soil cores (15.5 cm diameter PVC pipe) were 
collected from each corner and the centre (n=5 sample) of each plot, with samples stratified 
by depth; 0-5, 5-10, 10-15 and 15-20 cm depth so that the richness and abundance patterns 
for dormant seed in the topsoil could be determined in relation to burial depth. Samples were 
treated with heat (boiling water) followed by aqueous smoke (at the recommended rate of 
1:10 aqueous smoke to water dilution) to maximize seed germination. Treated soil samples 
were spread to 1 cm depth over a 2 cm layer of sterile sand-vermiculite mix in germination 
trays.  They were placed in a controlled environment glasshouse at Murdoch University and 
seedling emergence and identity followed weekly from June to October. This component of 
the project was conducted as an Honours thesis project with stipend support from Murdoch 
University and the FSH project to part-time 4th year student Mr Neil Goldsborough.  
Unfortunately, failure of the glasshouse watering system, combined with health problems that 
caused Mr Goldsborough to miss some time at the university and eventually to suspend his 
course of study, compromised the results of this project with short-term drought in the 
glasshouse causing many seedling deaths before identification was possible.  For that reason, 
analysis of the seed bank data are restricted to a quantification of emergent seedling densities 
by depth, and exclude any treatment of species composition. 
 
Results and discussion:  
 
Results show a total seed bank density of 602±70 viable seeds m-2, with a strong gradient of 
decreasing viable soil-stored seeds as depth increases (Table 4.1). Seventy-five% of the soil 
seedbank from the Fiona Stanley Hospital site bushland was located in the top 5 cm of the 
soil profile, and a further 21% in the zone from 5-10 cm. Less than 4% of viable seeds 
occurred in the zone from 10-20 cm, with no seeds in the 15-20 cm zone in 7 of the 8 sample 
plots. This suggests that soil cuts for topsoil transfer need to address two issues 
independently: First, how to maximize seed density in the topsoil transferred to another site – 
for this purpose a cut of no more than 10 cm might be advised. Second, how to minimize 
unwanted growth of weed seeds in the offset sites where topsoil is added – for this purpose a 
burial depth of 15-20 cm may be desirable, but will dilute the potential seedbank available to 
the site. Best practice may therefore be to take two cuts, 0-10 cm and 10-20 cm, placing them 
in the offset area such that the top 10 cm containing the highest density of viable soil-stored 
seeds is wholly located at 0-10 cm depth in the new site. However, this is more expensive and 
may be unaffordable in most instances. Use of a single cut of up to 20 cm depth, with mixing 
during removal, transportation and respreading, means that much viable soil-stored seed may 
be wasted by being buried to depths greater than 10 cm. Emergence of germinants from such 
depths is very unlikely – indeed, a number of studies show that even large seeded species 




Total seed stores were low to moderate (~600 seeds m-2; Table 4.1) compared to published 
reports for other vegetation types in SW Australia (Enright et al. 2007): The size of soil seed 
banks (SSBs) in Mediterranean-type shrublands and woodlands ranges from very low to very 
high, relative to those reported for other ecosystem types: Bellairs and Bell (1993) reported a 
germinable SSB density of only 156 seeds m-2 for a southwestern Australian  shrubland. 
Holmes and Cowling (1997) recorded SSB densities of 1100–1500 seeds m-2 for Cape 
fynbos. Ne’eman and Izhaki (1999) recorded low to moderate germinable seed densities 
(300–1300 seeds m-2) in the SSB of east Mediterranean Aleppo pine (Pinus halapensis) 
forests, and a low correlation between extant species and seed bank composition, mainly due 
to the absence of resprouting woody species in the seed bank. Valbuena and Trabaud (2001) 
obtained similar results for shrublands in Spain (1050–1800 seeds m-2).    
 
Table 4.1. Density and cumulative % distribution of viable soil-stored seeds (April 2010) by 
soil depth from topsoil in high quality bushland at the Fiona Stanley Hospital site. This 







0-5 cm 42.5±4.7 451 74.9 
5-10 cm 11.9±2.2 126 95.8 
10-15 cm 2.1±0.9 22 99.6 
15-20 cm 0.3±0.3 3 100.0 
 
 
Conclusions: 75% of all dormant but viable soil stored seeds in Fiona Stanley Hospital site 
Banksia woodlands soils were held in the top 5 cm of the soil profile, with <4% of seeds 
stored at depths >10 cm. Topsoil cuts for transfer purposes should be limited to the top 10 cm 
to maximise the potential value of transferred topsoil, since deeper cuts lead to many seeds 
being buried too deep for emergence in transfer sites (due to mixing during collection, 
transport and redistribution). If deeper cuts are taken, then topsoil should only be spread to a 
maximum of 10 cm in any case, since other studies show that seeds buried deeper than 6 – 8 
cm are unlikely to be able to emerge above-ground even if they germinate. 
 
Exploration of the quality (richness and abundance of native species, richness and abundance 
of invasive species) of soil seed banks under bushland remnants of varying condition would 
be a useful follow-up activity, allowing development of prediction of potential outcomes of 
transfers in terms of plant densities and compositions in transfer sites. Soil seed bank testing 
should be conducted as a matter of course for sites scheduled for clearance and transfer in 
order to establish the suitability of the topsoil for transfer and use at restoration (offset) sites. 





Chapter 6: Experimental treatment effects on recruitment patterns in 
offset sites 
 
Aims: Because plant species of Banksia woodlands are adapted to recurrent fire, many require 
specific fire-related cues to break seed dormancy and trigger germination. This experiment 
involved the application of smoke and heat treatments to transferred topsoil quadrats in the 
offset sites to test whether such treatments led to enhanced recruitment of native plant 
species. 
 
Disturbance may also break seed dormancy in some species, and in old seeds, through 
physical abrasion and environmental change (e.g. light, temperature) associated with physical 
turning of soils as may occur in nature through animal digging activities or tree falls. Topsoil 
at transfer sites has already undergone physical disturbance associated with transfer, but 
seeds buried at depths >6 – 8 cm may not break dormancy, or may germinate and fail to reach 
the soil surface. Experimental turning of the topsoil at a depth of 5-10 cm was conducted to 
identify the extent to which additional soil-stored seeds may become available for recruitment 
in transfer sites. 
 
Methods: Transects were established in Autumn 2010 at topsoil transfer sites 1, 2 and 3 with 
controls plus three experimental treatments;  
1. Smoke - addition of aqueous smoke extract at the recommended rate of 1 L m-2 and 
extract:water concentration of 1:10 - which has been shown to increase germination 
for many Australian native plant species (Dixon et al. 1995; Enright et al. 1997).  
2. Heat - addition of boiling water at a rate of 2 L m-2  - which has been shown to 
increase germination of hard-seeded species (e.g. Fabaceae, Mimosaceae, 
Dilleniaceae; (Enright et al. 1997, Sweedman and Merritt (2006), and  
3. Soil disturbance – topsoil turned over to expose soil previously at 5 cm depth to bring 
seeds that may have been buried too deep to germinate in year 1 – soil disturbance 
brings dormant buried seeds to the surface, changing light and temperature regime, 
and may increase germination rates. 
Each treatment comprised 6 replicate quadrats per site (n=72 x 1m2 quadrats). Quadrats were 
measured for seedling recruitment and persistence from Spring 2010 to Autumn 2012.    
 
At site 4 transects were established for the two soil depth treatment areas (deep, shallow) 
there, and heat, smoke and control quadrats established (n=6 replicates per treatment). Soil 
disturbance was not used at this site since the topsoil transfer had only just occurred, so that 
sampling was of first year recruitment in any case, and because experimental design here had 
already allowed for comparison of recruitment from deep versus shallow topsoil depths. 
 
Treatments were aimed at increasing levels of germination from the soil seed bank to increase 
the number and density of native species recruiting in the winter of 2010. While in sites 1, 2, 
and 3 this represents germination in the second year after topsoil transfer (so that treatments 
would affect only the ‘residual’ seeds not germinated in 2009), in site 4 topsoil transfer had 
only just occurred (so that treatments preceded initial germination and might be expected to 
show a greater treatment effect).  
 
Results and discussion: GLM analysis of treatments data (SPSS version 19) showed that both 
species richness and density varied significantly between sites and between seasons, but not 
among treatments (Tables 5.1 and 5.2). While there was a significant density interaction 
effect for sites*seasons, this interaction was not significant for species richness.  Post hoc 
comparison of means tests (Tukeys test, P<0,05) showed that sites 2 and 3 had generally 
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lower species richness than did sites 1 and 4, while for density, the main difference was 
between site 4.2 and all other sites due to the very high occurrence of the invasive species, 
Carpobrotus edulis, at this site in spring 2010. There was no evidence for a difference in 
species richness or other vegetation attributes between deep and shallow topsoil treatment 
areas in site 4. 
 
Table 5.1. GLM univariate model analysis of species richness, S, in topsoil transfer sites in 
relation to fixed factors site, season and treatment. Significant factors are highlighted in bold. 
 
Source Type III Sum 
of Squares df Mean Square F Sig. 
Corrected Model 3657.412a 43 85.056 5.992 .000 
Intercept 13700.456 1 13700.456 965.152 .000 
Site 308.054 5 61.611 4.340 .003 
Season 2482.488 1 2482.488 174.883 .000 
Treatment 57.854 3 19.285 1.359 .269 
Site * season 165.784 5 33.157 2.336 .059 
Site * Treatment 297.987 13 22.922 1.615 .120 
season * Treatment 17.085 3 5.695 .401 .753 
Site * season * 
Treatment 
72.962 13 5.612 .395 .963 
Error 582.000 41 14.195   
Total 19395.000 85    
Corrected Total 4239.412 84    
a. R Squared = .863 (Adjusted R Squared = .719) 
 
 
Table 5.2. GLM univariate model analysis of species richness, S, in topsoil transfer sites in 
relation to fixed factors site, season and treatment. Significant factors are highlighted in bold. 
 
Source Type III Sum 
of Squares df Mean Square F Sig. 
Corrected Model 123649.424a 43 2875.568 2.580 .001 
Intercept 174231.276 1 174231.276 156.336 .000 
Site 30704.256 5 6140.851 5.510 .001 
Season 36467.024 1 36467.024 32.722 .000 
Treatment 3866.590 3 1288.863 1.156 .338 
Site * season 36962.321 5 7392.464 6.633 .000 
Site * Treatment 7428.784 13 571.445 .513 .904 
season * Treatment 1253.816 3 417.939 .375 .771 
Site * season * 
Treatment 
7952.513 13 611.732 .549 .879 
Error 45693.000 41 1114.463   
Total 357766.000 85    
Corrected Total 169342.424 84    
a. R Squared = .730 (Adjusted R Squared = .447) 
 
The hypothesised increased germination of native plant species from the topsoil seed bank 
following heat and smoke treatments did not eventuate, even in the newly transferred topsoil 
at site 4 (Fig. 5.1). This may be explained by two factors: First, germination from the seed 
bank at sites 1 – 3 in 2009 may have reduced the residual pool of dormant seeds available to 
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germinate following the experimental treatments administered in Autumn 2010. Second, 
2010 was an extreme drought year with winter rainfall well below average and both the 
species richness and density of plants at all sites was lower at the time of the Spring 2010 
measurement (November – December 2010) than at either the 2009 or 2011 Spring 
measurements. Species richness was generally twice as high in Spring as in Autumn, due to 
the presence of a mixture of invasive and native winter annuals. However, once again, there 
was little difference evident in levels of species richness for the newly transferred topsoil at 
site 4 compared with levels in each season for the topsoils in sites 1 – 3 (Fig. 5.2).  
 
 
Figure 5.1. Box plots of mean species richness (S)  by treatment (c = control, D = disturbed 
soil, H=heat, S=smoke) at topsoil transfer sites.  
 
Conclusions: There was no clear effect of the experimental treatments designed to enhance 
fire-related cueing of seed germination in sites either in their 1st or 2nd year since topsoil 
transfer. Nor was there any effect of topsoil disturbance. These results are equivocal in 
meaning for two reasons: First, such experiments should best be undertaken prior to the first 
winter following topsoil transfer (i.e. prior to any seed germination), but this was not possible 
at sites 1 – 3 since topsoil transfer took place late in 2008 prior to the commencement of this 
project. Second, in site 4, where treatments were applied in time for year 1 germination (and 
indeed for all sites)  extreme drought conditions in the winter of 2010 may have reduced 
markedly any seedling establishment even if seed dormancy was broken. 
 
These experiments need to be conducted again under more favourable planning and weather 






Figure 5.2. Box plots of mean species richness (S)  by season of measurement (Aut=Autumn, 






Chapter 7: Bushland vs offset site comparison 
 
Aims: Direct comparison of offset site vegetation development with bushland quality 
attributes for high quality Banksia woodlands at the Fiona Stanley Hospital site and for 
degraded remnant bushland sites adjacent to offset sites, using data collected at the same 
spatial scale (100 m2 plots), to evaluate the trajectory of vegetation development and identify 
any major gaps in desired vegetation structural and compositional properties. 
 
Methods: In Autumn 2012, 3 years after establishment of offset sites 1-3, and 2 years after 
establishment of site 4, plant species density data were collected for 100 m2 plots in the 
vicinity of each of the study transects in each offset area. Winter annuals and winter-spring 
geophytes were removed from the data prior to analysis to allow comparison among sites 
where data were collected in different seasons. A number of measures relevant to vegetation 
quality (including; total species richness, native/invasive, woody/non-woody, resprouter/ 
non-sprouter, Nitrogen-fixer, and ant-dispersed species richness) were calculated. Data for 
each measure were analysed using GLM univariate analysis (SPSS version 19) with post hoc 
Tukeys test for comparison of means among groups, where groups were defined as 1. Fiona 
Stanley Hospital site bushland plots (including 4 plots in the conservation area and 8 plots in 
adjacent, subsequently cleared bushland), 2. Bushland remnants near offset sites, and 3. 
Offset sites which had received topsoil transfer.  
 
Results and discussion: Offset sites show values intermediate between those for bushland 
remnants and the Fiona Stanley Hospital site bushlands for species richness, Shannon-Weiner 
diversity, and native species richness (Table 6.1). While overall species richness and diversity 
are not significantly different from either bushland or Fiona Stanley plots, native species 
richness is more similar to bushlands than to Fiona Stanley. Invasive species richness is low 
and no different for the Fiona Stanley plots, where-as invasive richness is higher for bushland 
remnants.  Woody species (all native) richness is high for offset and Fiona Stanley sites and  
low for remnant bushlands, while non-woody  species richness is lowest for the offset sites, 
reflecting both the lower impact of invasives there, but also, the lower occurrence of non-
woody native plant groups (e.g. Cyperaceae, Restionaceae). Resprouter species are less well 
represented in the offset sites than in the Fiona Stanley sites, but non-sprouters are more 
common (Table 6.1). Nitrogen-fixing and ant-dispersed species are more common in the 
offset sites and these two factors are likely correlated, with many ant-dispersed species 
belonging to the hard-seeded, N-fixer families Fabaceae (e.g. Bossiaea, Hardenbergia, 
Kennedia, Jacksonia and Daviesia species) and Mimosaceae (i.e. Acacia species). Remnant 
bushlands show the lowest values for non-sprouter, N-fixers and ant-dispersed species. 
 
An NMDS ordination of the 28 plots and 100 species (which occurred in at least 2 plots) data 
for the 100 m2 plots in remnant bushland, Fiona Stanley and offset sites  used simple 
presence rather than cover scores so that differences in vegetation cover were removed. This 
allows for a better comparison of species composition and its drivers, since the offset sites are 
young and plants are small, so that overall cover is very low. A 2-dimensional solution with 
stress of 0.13 provided the best representation of plot relationships in species composition 
space, with the first two axes accounting for 42% and 45% respectively (total = 87%) of the 
variance in the rank distance matrix. Plots were clearly grouped according to site type, 
suggesting that each group of sites shows distinctive properties, rather than a simple 
gradation in species composition (Fig. 6.1). Overlaid environmental and summary variables 
as vectors shows that the position of sites along the first axis is correlated with richness of N-
fixers on the one hand, and vegetation cover (maximum species cover score) on the other. On 
axis 2, Fiona Stanley sites (with low scores) are correlated with high species richness, 
especially for native species and resprouters. Remnant bushland plots, with low scores on 
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axis 1 and high scores on axis 2, show high cover, but low native species richness, suggesting 
strong dominance by a few species and/or higher abundance of invasive species. Offset  plots 
are associated with N-fixers, and low cover, with plot 301 an outlier characterised by low 
species richness. 
 
Table 6.1. Comparison of species richness traits for 100 m2 plots in degraded bushlands 
adjacent to offset sites (Bushland; n=8), vegetation at the Fiona Stanley Hospital site (FSH; 
n=12) and at the same scale of measurement for offset sites at 2 (site 4; n=2) and 3 (sites 1, 2, 
3 and 6; n=6) years after topsoil transfer. Tukey is Tukeys post hoc comparison of means test 
(P<0.05) with different letters indicating significant differences among column variables; s.e. 
is standard error. 
 















































































































Figure 6.1. NMDS of 100 m2 plot presence data for remnant bushland, Fiona Stanley 
Hospital, and offset sites (28 plots x 100 species) topsoil transfer sites 1-4. Overlay vectors 
shown are significant at P<0.05.  
 
The species ordination clarifies some of the species compositional differences among site 
types (Fig 6.2): Many non-woody perennial native species are associated with Fiona Stanley 
plots (low scores on both axes) – including Johnsonia, Stylidium, Opercularia, Amphipogon, 
Isolepis, Schoenus and Conostylis species.  A number of invasive weed species are associated 
with remnant bushland sites (high scores on axis 2) – e.g. Carpobrotus, Bromus, 
Zantedeschia, Avena, Sonchus, Conyza and Trifolium. Offset sites (with high scores on axis 1 
and intermediate scores on axis 2) show strong presence of N-fixers including Acacia, 
Kennedia, Daviesia, Gastrolobium, Jacksonia and Bossiaea, as well as a number of 
Proteaceae and Myrtaceae, including Banksia, Adenanthos, Hakea, Eremaea, Calothamnus, 
Kunzea and Astartea. Of these species, Adenanthos was common at the Fiona Stanley site but 
is rare in the vicinity of the offsets so that individuals of this species must derive from the 
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seed bank in the transferred topsoil (as do most other species also). On the other hand, a 
number of Proteaceae and Myrtaceae species most likely arise from wind-blown seeds from 
neighbouring bushland (Banksia, Eucalyptus, Kunzea) and some banksias possibly also from 
direct seeding. Species located near the point of origin of the vectors show no strong 
association with any site group, in many cases indicating that they are likely to be found in all 
three site types. This is the case for widespread and frequent species such as the invasive 
grass, Erhardta calycina (veldt grass) and the short-lived native N-fixer, Gompholobium 
tomentosum which showed rapid growth to maturity within 1 - 2 years.  
 
 
Figure 6.2. Species NMDS of 100 m2 plot presence data for remnant bushland, Fiona Stanley 
Hospital, and offset sites (28 plots x 100 species) topsoil transfer sites 1-4. Overlay vectors 
shown are significant at P<0.05.  
 
A number of other woody native species – all non-sprouters - showed flowering and fruiting 
within 2 – 3 years on offset sites including Kennedia prostrata, Acacia pulchella, Hibbertia 
subvaginata and Leucopogon conostephioides.  
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The developing perennial vegetation of the offset sites shows a mixture of strengths and 
weaknesses in relation to desired properties: Native plant species richness is good (better than 
for bushland remnants, but not as good as for the Fiona Stanley bushland), and invasive 
species richness is low. However, the species richness of resprouter species, both woody and 
non-woody, is low compared to the Fiona Stanley bushland site. Such species are generally 
characterised by low levels of seed production compared with non-sprouter species (Enright 
and Lamont 1989; Lamont et al. 2011), since they do not depend solely on seeds for 
persistence in relation to fire. Rather, individuals regrow vegetatively after fire from 
protected buds either above (e.g. epicormic buds protected by bark – e.g., eucalypts, or apical 
buds protected by tightly packed leaf bases – e.g. grass trees) or below (lignotubers – e.g. 
Hibbertias) ground. Thus, the topsoil under bushland is more likely to be a source of 
individuals for non-sprouter than for resprouter species, even if the bushland is of high 
quality and has a strong resprouter species presence. Many of the major food resource species 
favoured by Carnaby’s Black-Cockatoo are resprouters (e.g. Eucalyptus, Corymbia, Agonis, 
and some Hakea and Banksia – including Dryandra - species) and are not well represented in 
the offset sites. These species require introduction to the offset sites as broadcast seed or as 
planted nursery stock. 
 
There is also a low level of recruitment of Banksia woodland tree species from the soil seed 
bank in transferred topsoil. All of the common tree layer species (Eucalyptus, Corymbia, 
Allocasuarina, Banksia species) have seeds that are held for from 1 – 3 years in weakly 
serotinous woody cones or capsules in the plant canopy, with seeds dispersed by wind as 
fruits open with age, or after fire. Seeds of these species are dormant while held inside closed 
woody fruits, but once released, germinate with arrival of winter rains, or perish. Thus, for 
them to occur in the topsoil transfer sites, they must either disperse in from surrounding 
bushland fragments or be introduced in broadcast seed mixes or as nursery raised stock. 
 
Conclusions: At the 100m2 plot scale, and 2 – 3 years after topsoil transfer, offset sites (other 
than the area around site 101 which was initially unfenced) show native perennial plant 
species richness levels approaching (but not attaining) those of the topsoil source area at the 
Fiona Stanley Hospital site, and low levels of invasive species richness and abundance. 
However, most of the native species richness is concentrated among non-sprouter species, 
with resprouters (especially non-woody species) poorly represented. Tree species are also 
absent or poorly represented. Overall, this means that many of the essential structural 
components of banksia woodlands are absent, including many species regarded as major food 
resource species for Carnaby’s Black-Cockatoo. These species are either poor seed producers 
(so poorly represented in topsoil seed banks), or are canopy seed storage (serotinous) species. 
They must either disperse into offset sites from surrounding bushland fragments, or be 
introduced in broadcast seed mixes or as nursery stock – the latter being the most effective 
way of ensuring their presence at suitable density.  
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Chapter 8: Soil Moisture and penetrability effects 
 
Aims: To quantify soil moisture distribution by season and depth (to 1 m) for offset versus 
adjacent natural bushland remnant sites, and to compare soil penetrability for natural versus 
topsoil transfer sites. Placement of transferred topsoil on to pre-existing soil surfaces may 
lead to changes in overall soil penetrability and rainfall infiltration in offset sites and affect 
seedling root growth, availability of soil moisture to seedlings over summer, and so, 
survivorship of recruits. 
 
Methods: Soil moisture access tubes were installed to 1 m depth adjacent to each transect in 
offset sites, and near one corner of each 100 m2 bushland plot.  Access tubes were located in 
topsoil transfer sites 1, 2, and 3 (n=6) and paired bushland sites at each of these locations 
(n=6), in high quality (n=1) and degraded bushland at site 6 (n=4), and in the high quality 
bushland conservation area at the Fiona Stanley Hospital site (n=4). A Delta – T devices Ltd 
Theta PR2 capacitance probe was used to collect estimated % soil moisture at 10, 20, 30, 40, 
60 and 100 cm depth at each access tube site. The probe emits an electro-magnetic field into 
the soil at each measurement depth and converts the received analogue voltage readings to % 
soil moisture based on a standard calibration for sandy soils. Data on soil moisture were 
collected seasonally and at other times when sites were visited, e.g. for quadrat 
remeasurements. Some sites were lost to vandalism during 2010, and equipment failure (PR2 
probe returned to U.K. for repair and recalibration) led to missing data for some sampling 
dates. Sites affected by vandalism were re-installed where-ever possible, but in these sandy 
soils the profile must be wet for augering to be possible, so that re-installation was only 
possible late in winter, leading to lengthy data gaps in some cases.  
 
Soil impedance (penetrability) was assessed in September 2011 for 20 replicate surface and 
sub-soil (20cm depth) sampling points for both natural topsoils (in bushland near offset site 
1) and transferred topsoils (at site 4). Assessment was carried out using a hand penetrometer, 
model Eijkelkamp 0.601, with a dial readout. Raw data was converted to Mpa following 
precedent, allowing comparison with previous studies of revegetation on sandy soils by 
Enright and Lamont (1992) and Rokich et al (2000). 
 
In order to assess initial surface soil water repellency an in situ water drop penetration time 
test was carried out using the methods of Dekker et al (2009). In early April 2011, 
immediately before application of wetting agent, 20 single drops of water was placed in the 
centre of randomly selected quadrats at each of sites 4 (topsoil transfer) and 6 (degraded 
bushland) and infiltration time recorded.  
 
Results and discussion – soil moisture: Soil moisture in the top 1 m of soil profiles across all 
bushland and rehabilitation sites showed generally similar patterns, with moisture levels 
varying seasonally and with depth (Figs 7.1 and 7.2). All sites show an increase in soil 
moisture with the onset of winter rains, with soil moisture through the profile generally 
peaking in late Winter/early Spring. As summer drying commences, soil moisture levels 
begin to decline in all sites and at all depths and there is little difference in moisture levels 
between bushland and offset sites. Surface soil layers showed lower % moisture than deeper 
layers throughout the year, ranging from around 6% in winter to close to zero at 10 cm, and 
<1% at 20cm depth during summer (Fig. 7.1). Deeper soil layers (30 – 100 cm depths) show 
winter maxima of around 8 – 10% moisture, declining to around 2% in late summer (Fig. 
7.2). Topsoil transfer and remnant bushland sites show generally similar patterns of soil 
moisture distribution over seasons and with depth, while the highly degraded bushlands at 
site 6 show consistently lower soil moisture, suggesting perhaps lower rainfall infiltration. 
These sites have low vegetation cover, so that exposed sandy soils here may have developed 
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stronger hydrophobicity, leading to a higher ratio of runoff to infiltration. Tests of water drop 
penetration time showed that both topsoil transfer and degraded bushland site soils were 
‘slightly water repellent’ according to the 6 class classification system of Dekker and Jungerius 
(1990). However, no data were collected for bushland plots with high ground layer vegetation 
cover. 
 
While soils in the topsoil transfer sites show a similar seasonal pattern to adjacent natural 
bushland sites, subtle but consistent differences emerge between surface and deeper soil 
layers that may be significant for perennial plant species growth and overall vegetation 
development.   In the near-surface soil layers (10 and 20 cm) soil moisture trends at bushland 
and topsoil transfer sites track each other closely, showing similar levels of recharge and 
depletion across the seasons. However, in the deeper layers of the soil profile (40, 60 and 100 
cm) topsoil transfer site soils were much more moist in the summer, suggesting a possible 
boundary layer effect where soil moisture in the transferred topsoil was depleted by plant 
water use and evaporation loss, while the buried soil profile retained greater moisture, 
perhaps due to lower plant root penetration and water-use than occurs with well-developed 
mature plant root systems in the adjacent bushland sites. Whether there is a boundary layer 
effect on patterns of rainfall infiltration and plant water use, or whether the observed 
differences in soil moisture distribution are related to differences in the depth distribution of 
roots for young (topsoil transfer) versus mature (bushlands) vegetation remains unclear, but 
field observations suggest that the transferred topsoil can become compacted above the 
former soil surface, influencing patterns of root system development and water use (see 
section on Banksia attenuata  below for more details).  
 
While there were fewer temporal observations of soil moisture than planned due to loss of 
soil moisture access tubes to vandalism (sites 1 and 2) and fire (site 3), and equipment failure 
requiring shipment of the moisture probe to the U.K. (twice) for repair and recalibration, the 
overall soil moisture patterns are clear. 
 
Results and discussion – soil penetrability: Mean soil penetrability varied markedly within 
and between sites (Table 7.1). Soil hardness was lowest at the soil surface in natural 
bushland, and did not differ significantly between the surface and sub-surface (20 cm depth). 
Soil hardness was much greater at the topsoil transfer site at both the surface and sub-surface 
(samples at 20 cm depth aimed to sample hardness of the buried soil surface at this site). 
Hardness was significantly different between sites, and between depths at the topsoil transfer 
site, with highest value for hardness encountered for the sub-soil at site 4. This result suggests 
that factors associated with topsoil transfer may lead to reduced penetrability of these soils in 
the first few years following transfer, leading to reduced water infiltration and ensuing 
potential problems for plant root growth and soil water acquisition. Reasons for this may 
include surface compaction associated with the use of heavy machinery to prepare the 
transfer sites and to spread the topsoil, and slow breakdown of surface compaction due to the 
low cover of vegetation in the early stages of revegetation.  Rokich et al (2000)  further 
suggest that soil hardening may be a response to loss of structure and composition associated with 







Figure 7.1. Temporal patterns of mean soil moisture at 10, 20, and 30 cm soil depth for plots 
in sites 1,2,3 and 6 by cover type: rehabilitation (topsoil transfer), and natural bushland, and 






















































































Figure 7.2. Temporal patterns of mean soil moisture at 40, 60, and 100 cm soil depth for plots 














































































Table 7.1. A. GLM univariate analysis of difference of means among 
treatments for soil penetrability among surface and subsurface samples in 
natural bushland at site 1 and topsoil transfer offset at site 4. Measurements 
taken in September 2011. B.  Mean penetrability (Mpa) of samples. 
Significantly different samples are indicated by different letters (Tukey’s post 
hoc comparison of means test; P<0.05). 
 
A. 
Source Type III Sum 
of Squares df Mean Square F Sig. 
Corrected 
Model 
43.610a 3 14.537 50.573 .000 
Intercept 144.077 1 144.077 501.242 .000 
Group 43.610 3 14.537 50.573 .000 
Error 21.845 76 .287   
Total 209.533 80    
Corrected Total 65.456 79    
R Squared = .666 (Adjusted R Squared = .653) 
 
B. 
 Bushland Topsoil transfer 
Surface 0.54±0.05 a 1.58±0.12 b 
Sub-surface 0.81±0.05 a 2.44±0.20 c 
 
Conclusions: Soil moisture profile data to 1 m depth showed similar levels, and seasonal 
patterns, of soil moisture between topsoil transfer and remnant bushland sites. However, 
topsoil transfer sites showed lower levels of summer soil water depletion at depths below 30 
cm, suggesting lower plant root system development in this zone. While greater density of 
roots for mature vegetation in bushland sites relative to lower density of roots for juvenile 
vegetation on offset sites may explain this difference, it is also possible that physical 
properties of the offset sites – i.e. lower penetrability associated with compaction of the 
transferred topsoil layer – may also be important. Breaking up of any topsoil compaction by 
ripping may help to ensure winter rainfall penetration, and seedling root system growth, to 






Chapter 9: Effect of Soil Wetting Agents and Supplemental Watering 
on recruitment 
 
Aims: Following the very dry winter of 2009 that is thought to have adversely affected 
recruitment and persistence of plants in that year, two experimental procedures were trialled 
to determine if increased winter soil moisture would enhance recruitment and persistence of 
plants in topsoil transfer and broadcast seed areas: 1. Addition of a soil wetting agent to the 
soil surface to break down surface hydrophobicity and increase rainfall infiltration, and 2. 
Supplementary watering to 125% of monthly median rainfall. This project was undertaken in 
2011 by Honours student, Andrew Fry, who was supported with an Honours stipend from the 
FSH project. A copy of his thesis is included as Appendix 3 to this report and full details can 
be found there. A final remeasurement of his sites was conducted by the research team in 
Autumn 2012. 
 
Methods: New transects were set up at Site 4 (2010 topsoil transfer site) and topsoil treated in 
late Autumn 2011 with a soil wetting agent (see Appendix 3 for details). Transects were 
established with n=6 replicate 1 m2 quadrats for each of three treatments (wetting agent, 
supplementary watering, wetting agent + supplementary watering) and controls. A similar 
experimental design was established at site 6. At this site there was no topsoil transfer, rather, 
the highly degraded area was treated with herbicides to reduce/remove invasive species, and 
broadcast seeded with a native species seed mix. Details of the seed mix can be found in the 
thesis. Sites were measured/remeasured in June-July, September and November 2011, and 
May 2012. 
 
Vegetation attributes were analysed using univariate GLM to identify significance of 
difference associated with sites, treatments and time. An NMDS ordination analysis was 
conducted on species abundance data (square root transformed to reduce the weighting on 
abundant weed seedlings during winter – Spring) for each treatment and site at the four 
measurement times. Vegetation attribute correlations are fitted, with correlations significant 
at P<0.01 shown as lines in the ordination space. Time vectors are also used, to show 
pathways of changing species composition over time and any  trends in these relative to sites 
and treatments. 
 
Results and discussion: GLM analyses showed no difference between treatments for 
vegetation attributes including species richness and richness of native species (GLM results 
not shown). Differences were significant for sites (Table 8.1), with higher richness at site 4 
(topsoil transfer) than at site 6 (broadcast seedling) regardless of time of sampling through the 
course of the first year after treatment. Differences between time were also significant, 
reflecting the changing abundance especially of weedy species (high in Winter – Spring, low 





Table 8.1 GLM univariate analysis of difference among sites and times of remeasurment for 
species richness; site 4 (topsoil transfer, site 6 – broadcast seeding). 
 
Source 
Type III Sum 
of Squares df Mean Square F Sig. 
Corrected Model 3006.719 7 429.531 22.063 .000 
Intercept 9835.031 1 9835.031 505.170 .000 
site 1188.281 1 1188.281 61.035 .000 
time 1280.844 3 426.948 21.930 .000 
site * time 537.594 3 179.198 9.204 .000 
Error 467.250 24 19.469   
Total 13309.000 32    
Corrected Total 3473.969 31    
R Squared = .865 (Adjusted R Squared = .826) 
 
NMDS Ordination using the 94 plant species that occurred in at least two of the 32 samples 
(2 sites x 4 treatments x 4 times of measurement) provided a 3 dimensional solution with 
stress of 0.06. The first two axes accounted for 89% of the variance in the rank dissimilarity 
matrix (axis 1 = 59%, axis 2 = 30%), so that axis 1 represents the dominant pattern of 
variation among samples based on their species composition and abundances. The samples 
ordination reveals a clear separation of the topsoil transfer site (site 4) from the broadcast 
seeding site (site 6) in species composition, with vegetation attribute vectors showing higher 
levels of native species richness and overall diversity (H’) than the site b 6 samples (Fig. 8.1). 
Successional vectors, joining samples according to time of measurement, also show 
differences between sites. In the topsoil transfer site, quadrats become more diverse from 
times 1-3 and then show a change to lower scores on axis 2, while quadrats at site 6 show a 
consistent directional shift from high to low scores on axis 2. This shift in both cases appears 
to be driven more by the loss of short-lived and weed species from samples over summer, 
rather than to changes in the mix of native species represented. These shifts likely reflect both 
seasonal patterns of annual plant mortality over summer, as well as the possible effects of  
accidental intrusion of herbicide treatments on to the experimental transects. The species 
ordination shows clearly the many native species associated with the topsoil transfer site, and 
relative paucity of native species associated with the broadcast seeding site. 
 
Results suggest that wetting agent and supplementary watering had no effect on native seed 
germination (Fig 8.2). Winter 2011 was average with good early rains, so that the results may 
differ if the experiment were conducted in a drought year.   Supplementary watering showed 
an increase in invasive species germination for early winter germination at the topsoil transfer 
site for three basal rosette Asteraceae invasive species (Sonchus sp, Arctotheca calendula and 
Hypochaeris sp). Topsoil transfer outperformed broadcast seeding with higher native 
perennial species establishment rate and native species richness, and lower invasive species 
density, the latter a likely consequence of burial of the former soil surface with the transferred 
topsoil so that the weed seed bank was less likely to provide recruits to the site. Broadcast 
seeding resulted in very low native plant species densities and showed a failure of large (e.g. 
Banksia) and very large-seeded (e.g. Macrozamia) species to establish from this seed source. 
These large seeds may not readily be incorporated into ‘safe’ microsites, suffering a higher 
probability of loss to seed predators and to mortality from desiccation during dry weather (see 





Figure 8.1. NMDS ordination of samples by site type (4 – topsoil transfer, 6 – seed 
broadcasting), treatment (c – control, we  -wetting agent, wa – water addition, ww – both 
wetting agent and watering) and time (1 – June 2011, 2 – September 2011, 3 – November 
20011, 4 – may 2012) based on 94 plant species that occurred in more than 1 sample. Biplot 
vectors show significant correlations (P<0.01) between the ordination axis scores and 
summary vegetation attributes. Successional vectors join points for the same sample location 





Figure 8.2. NMDS ordination of species for the wetting agent experimental treatments at sites 
4 and 6, based on 94 plant species which occurred in more than 1 sample. 
 
Conclusions: Soil wetting agents showed no seedling recruitment or persistence benefits in a 
year of average winter rainfall for either topsoil transfer or broadcast seeding sites. It is 
possible that benefits might accrue in years of below average winter rainfall but further 
experiments in dry years are required to test this hypothesis. 
 
Broadcast seed mix treatment of degraded bushland site 6 produced lower levels of native 
plant species recruitment than was obtained from the soil seed bank in transferred topsoil at 
site 4. Large and very large seeded plant species failed to recruit from the broadacast seed 
mix and nursery raised stock may be required for these species, many of which are important  





Chapter 10: Establishment and growth of Banksia attenuata 
 
Aims: To compare the growth of Banksia attenuata seedlings in topsoil transfer versus 
remnant bushland areas. Based on concerns about possibly higher soil penetrability and lower 
soil moisture infiltration associated with transferred topsoil, this study traced growth of 
Banksia attenuata seedlings arising from broadcast seeding in autumn of 2010 in topsoil 
transfer site 4 and naturally-recruited seedlings of similar size in bushland areas nearby (near 
sites 1, 2 and 6 – there was no suitable bushland near site 4). 
 
Methods: All B. attenuata seedlings in replicate 5 m² quadrats representing four wetting (C - 
control, Wa - supplementary watering, We – wetting agent added, WW – watering and 
wetting agent) treatment types were tagged in March 2011. Basal diameter was measured 
below the lowest pair of leaves and length of shoot was recorded. Ten seedlings from the 
vicinity of the quadrats were dug up; lateral roots were excavated to 30 cm from the stem and 
sinker and tap roots to 50 cm using small trowels and paint brushes to remove the soil. The 
number of lateral roots (> 100mm in length) was recorded as well as tap root diameter at 10 
cm intervals to 50 cm depth. The roots were removed, cleaned and oven dried at 70 ° C for 72 
hours. The shoots of the plants were also dried in this way. The dry roots and shoots were 
weighed and root to shoot ratios, taproot attenuation rate and number of lateral roots was 
calculated. 
 
In September 2011 all tagged individuals were remeasured and three individuals were 
randomly selected from each treatment group, excavated and measured as described above. 
Remnant bushland areas around sites 1, 2, and 6 were searched for seedlings of the same 
size/age and ten plants were excavated and measured for comparison (while a larger sample 
size was desired, first year seedlings in natural bushland areas were extremely infrequent).  
 
Results and Discussion: There was no difference in the size of B. attenuata seedlings by 
treatment type at the start of the study in March 2011, nor were there any differences among 
treatments when plants were remeasured in Spring 2011. Thus, the data for the 10 (Autumn) 
and 12 (Spring) harvested individuals in the topsoil transfer site were pooled for comparison 
with the 10 individuals sampled in Spring 2011 from the remnant bushland areas. Seedlings 
in the topsoil transfer site grew substantially over the winter of 2011, both root and shoot 
mass increasing, and the root:shoot ratio increasing. 
 
Seedlings in the remnant bushlands were much smaller than seedlings in the topsoil transfer 
area (Table 9.1).  However, although root:shoot ratios were quite similar, biomass was much 
lower for bushland seedlings and the pattern of root development was very different; 
bushland seedlings showed taproot dominance, with a thin, but only weakly tapering tap root 
diameter with increasing depth, and almost no lateral root development – reflecting 
dominance of taproot growth towards deep stored soil water. On the other hand, topsoil 
transfer seedlings had high root biomass, but showed strong development of lateral roots 
close to the soil surface and a more rapidly tapering taproot, suggesting weaker allocation to 
taproot growth (Table 9.1). Field evidence also suggested that the taproots on many of these 
individuals remained largely within the topsoil layer and did not penetrate beyond the 
previous (now buried) soil surface – thus reducing likelihood of plant survival over summer.  
These results suggest that soil ripping after topsoil transfer may be desirable to stimulate 
good rainfall penetration, and root growth, which in turn will enhance the likelihood of 






Table 9.1. Development characteristics of Banksia attenuata seedlings (mean, SE) from 














Natural Spring 10 0.9 (0.5) -0.17 (0.01) 0.52 (0.12) 0.6 (0.24) 1.0 (0.24) 
Transfer Autumn 10 6.0 (1.0) -0.37 (0.02) 0.25 (0.04) 1.85 (0.4) 7.74 (2.0) 
 Spring 12 8.6 (0.7) -0.45 (0.02) 0.53 (0.10) 7.91 (1.4) 19.0 (3.6) 
 
In a related study of seedling establishment of tuart (E. gomphocephala) and peppermint 
(Agonis flexuosa), Ruthroff  (unpubl) reports significantly improved seedling root system 
establishment in sandy sites which were ripped to 30 cm before restoration. In these sites 
winter rains penetrated deeper into the soil profile and seedling roots tracked deep soil 
moisture as surface soils dried through summer. In sites which were not ripped, soil moisture 
was initially higher in the top 10-20 cm of the soil profile, and drier at greater depths. 
Seedling roots tended to grow mainly within the surface zone and as summer drying 
proceeded mortality was high. It is possible that topsoil transfer may lead to a similar 
scenario here, with root systems of establishing plants tending to remain above the contact 
zone of topsoil and previous soil surface. Ripping after topsoil transfer may encourage winter 
rainfall penetration, and root growth to greater depth, increasing seedling establishment and 
survival over the first few summers.  
 
Conclusions: Banksia attenuata seedlings showed greater growth in topsoil transfer than in 
remnant bushland sites, but also a stronger dominance of lateral root system development 
within the topsoil layer, with taproot development to depth (providing access to deep stored 
soil water) weaker than for bushland seedlings.  Ripping of surface soils to at least 30 cm 
depth after topsoil transfer, but before onset of the first winter rains following transfer, is 
recommended. This should increase winter rainfall penetration, and root growth to greater 
depth, increasing seedling establishment and survival over the first few summers. Further 
experimentation is required to determine how transferred topsoil affects root system 





Banerjee, M., V. Gerhart, et al. (2006). "Native plant regeneration on abandoned desert 
farmland: effects of irrigation, soil preparation, and amendments on seedling 
establishment." Restoration Ecology 14: 214-227. 
Bell, D. T. (1999). "Turner Review No. 1. The process of germination in Australian species." 
Australian journal of botany 47(4): 475-517. 
Bellairs, S. M. and D. Bell (1993). "Seed Stores for Restoration of Species-Rich Shrubland 
Vegetation Following Mining in Western Australia." Restoration Ecology 1(4): 231-
240. 
Boydak, M. (2003). "Regeneration of Lebanon cedar (Cedrus libani A. Rich.) on karstic lands 
in Turkey." Forest ecology and management 178(3): 231-243. 
Clarke, P. (2002). "Experiments on tree and shrub establishment in temperate grassy 
woodlands: seedling survival. ." Austral Ecology 27(34): 606-615. 
Close, D. C. (2003). "Revegetation to combat tree decline in the Midlands and Derwent 
Valley Lowlands of Tasmania: Practices for improved plant establishment." 
Ecological management & restoration 4(1): 29-36. 
DEC (2006). Beeliar Regional Park Management Plan. Department of Environment and 
Conservation. Perth, WA. 
Dekker, L. and P. Jungerius (1990). "Water Repellency in the dunes with special reference to 
the Netherlands." Catena Supplment 18: 173-183. 
Dekker, L., C. Ritsema, et al. (2009). "Method for determining soil water repellency on field-
moist samples." Water Resource Research 45(35): 72-85. 
Digiovinazzo, P., G. F. Ficetola, et al. (2010). "Ecological thresholds in herb communities for 
the management of suburban fragmented forests." Forest Ecology and Management 
259: 343-349. 
Dixon, K. W., S. Roche, et al. (1995). "The promotive effect of smoke derived from burnt 
native vegetation on seed germination of Western Australian plants." Oecologia 101: 
185-192. 
Enright, N. J., D. Goldblum, et al. (1997). "The independent effects of heat, smoke and ash 
on emergence of seedlings from the soil seed bank of a heathy Eucalyptus woodland 
in Grampians National Park, western Victoria." Aust. J. Ecol 22: 81-88. 
57 
 
Enright, N. J. and B. B. Lamont (1989). "Fire temperatures and follicle opening requirements 
in ten Banksia species." Austral Ecology 14: 107-113. 
Enright, N. J. and B. B. Lamont (1992). "Survival, growth and water relations of Banksia 
seedlings on a sand mine rehabilitation site and adjacent scrub-heath sites." The 
Journal of applied ecology 29: 663-671. 
Fisher, J. L., W. A. Loneragan, et al. (2009). "Altered vegetation structure and composition 
linked to fire frequency and plant invasion in a biodiverse woodland." Biological 
Conservation 142(10): 2270-2281. 
Fisher, J. L., W. A. Loneragan, et al. (2009). "Soil seed bank compositional change constrains 
biodiversity in an invaded species-rich woodland." Biological Conservation 142(2): 
256-269. 
Herath, D., B. Lamont, et al. (2009). "Comparison of Post-Mine rehabilitated and natural 
shrubland communities in southwestern Australia." Restoration Ecology 17(5): 577-
583. 
Hobbs, R. (2011). Ecology and restoration of fragmented woodlands: A Western Australian 
perspective. Temperate Woodland Conservation and Management. D. Lindenmayer, 
A.Bennet and R. Hobbs. Perth WA, CSIRO Publishing. 
Hobbs, R. J. and V. Cramer (2008). "restoration ecology: interventionist approaches for 
restoring and maintaining ecosystem function in the face of rapid environmental 
change." Annu. Rev. Environ.Resour. 33: 39-61. 
Hobbs, R. J. and J. Harris (2001). "Restoration Ecology: Repairing the Earth's Ecosystems in 
the New Millennium." Restoration Ecology 9(2): 239-246. 
Hobbs, R. J. and D. A. Norton (1996). "Towards a conceptual framework for restoration 
ecology." Restoration Ecology 4(2): 93-110. 
Hopper, S. and A. Burbidge (1989). "Conservation status of Banksia woodlands on the Swan 
Coastal Plain." Journal of the Royal Society of Western Australia 71: 93-96. 
Jefferies, M., F. Nicholls, et al. (1991). Rehabilitation after mining of diverse heathlands at 
Eneabba, Western Australia. Proceedings of the Australian Mining Industry Council 
Environmental Workshop, Perth WA. 
Keighery, B. (1994). Bushland Plant Survey. Perth, Wildflower Society of Western Australia. 
58 
 
Koch, J. M. (2007). "Alcoas Mining and Restoration Process in South Western Australia." 
Restoration Ecology 15: 11-16. 
Lamont, B. B., N. J. Enright, et al. (2011). "Fitness and the evolution of resprouters in 
relation to fire." Plant Ecology 212(12): 1945-1957. 
Maher, K. (2009). Restoration of Banksia woodland after the removal of pines at Gnangara: 
seed species requirements and prescriptions for restoration (Gnangara Sustainabillity 
Strategy). Department of Environment and Conservation. Perth, WA. 
McCune, B. and J. B. Grace (2002). Analysis of Ecological Communities. Gleneden Beach, 
Oregon, MJM Software Design. 
McCune, B. and M. J. Mefford (1999). PC-ORD Multivariate Analysis of Ecological Data, 
Version 4. Gleneden Beach, Oregon, MJM Software Design. 
Minchin, P. R. (1987). "An evaluation of the relative robustness of techniques for ecological 
ordination." Vegetatio 69(1-3): 89-107. 
Mueller-Dombois, D. and H. Ellenberg (1974). Aims and methods of vegetation ecology. 
New York, John Wiley & sons, Inc. 
Rokich, D., K. Dixon, et al. (2000). "Topsoil handling and storage effects on woodland 
restoration in Western Australia." Restoration Ecology 8: 196-208. 
Ruthrof, K., T. Douglas, et al. (2010). "Restoration treatments improve seedling 
establishment in a degraded Mediterranean type Eucalyptus Ecosystem." Australian 
Journal of Botany 58(8): 646-655. 
Sommer, B. and R. Froend (2011). "Resilience of phreatophytic vegetation to groundwater 
drawdown: is recovery possible under a drying climate?" Ecohydrology 4(1): 67-82. 
Standish, R., V. Cramer, et al. (2008). A revised state-and-transition model for the restoration 
of woodlands in Western Australia. New models of ecosystem dynamics and 
restoration. R. J. Hobbs and K. N. Studing. Washington DC, Island Press: 169-188. 
Sweedman, L. and D. Merritt, Eds. (2006). Australian Seeds: A Guide to their Collection, 
Identification and Biology Collingwood, Vic, CSIRO Publishing. 
Turner, S., B. Pearce, et al. (2006). "Influence of polymer seed coatings, soil raking, and time 







1.  List of plant species and major life history traits relevant to establishment, for all species 
encountered across all sites. 
 
2.  List of plant species and plant parts known to be used as a food resource by Carnaby’s 
Cockatoo. 
 
3.  Fry, A.D. 2011. Restoration techniques in Banksia woodlands. Honours thesis, Murdoch 
University. [provided as a separate file] 
 
4. Arnaudet, L. 2011.  Tree and Understorey Ecology of Urban Banksia woodland remnants. 
Masters research Project Report, Ecole Normale Superieure de Paris. [provided as a separate 
file] 
 
5. Cousens, T. & Harris, R. 2009. Composition and functional groups of ants at the Fiona 
Stanley Hospital and Beeliar Regional Park, Western Australia. 4th year project report, 






Appendix 1: List of Plant species and species codes used throughout this document, and plant traits relevant to establishment in restoration sites. 
 
              Code Species Family Native Woody Respr Form Height Leaf Seedbank SeedSize Dispersal Nutrition Nfixer 
acacappl Acacia applanata Fabaceae yes woody 
 
shrub 50 stem soil med ant Nfix yes 
acacpulc Acacia pulchella Fabaceae yes woody no shrub 200 sml soil small ant arbomic yes 
acacsali Acacia saligna Fabaceae yes woody yes tree 600 broad soil small ant arbomic yes 
acacsten Acacia stenophylla Fabaceae yes woody 
 
sml shrub 50 broad soil med ant arbomic yes 
acacwill Acacia willdenowiana Fabaceae yes woody yes sml shrub 50 broad soil small ant arbomic yes 
adencygn Adenanthos cygnorum Proteaceae yes woody no shrub 400 sml soil med ant cluster no 
airacary Aira caryophylla Poaceae no grass no herb 20 sml grassy soil small baro arbomic no 
airacupa Aira cupaniana Poaceae no grass no herb 20 sml grassy soil small baro arbomic no 
allofras Allocasuarina fraseriana Casuarinaceae yes woody yes tree 1500 needle canopy med anemo ecto/arbo yes 
allohumi Allocasuarina humilis Casuarinaceae yes woody yes shrub 200 needle canopy med anemo ecto/arbo yes 
alternanth Alternanthera sp. Amaranthaceae unk herb no herb 20 sml soil small baro none no 
amaranth Amaranthus sp. Amaranthaceae unk herb no herb 20 medium soil small baro none no 
amphturb Amphipogon turbinatus Poaceae yes grass yes tussocks 30 grassy soil small baro arbomic no 
anagarve Anagalis arvensis Primulaceae no herb yes herb 20 broad soil small baro arbomic no 
anighumi Anigozanthos humilis Haemodoraceae yes herb yes tussocks 30 broad soil med baro none no 
anigmang Anigozanthos manglesii Haemodoraceae yes herb yes tussocks 125 tiller soil small baro none no 
arctcale Arctotheca calendula Asteraceae no herb no herb 30 broad soil med baro arbomic no 
arnoprei Arnocrinum preissii Hemerocallidaceae yes herb yes semi-basal 30 sml soil small baro arbomic no 
aspaaspa Asparagus asparagoides Asparagaceae no herb yes climber 300 broad soil med bird 
 
no 
astafasi Astartea fascicularis Myrtaceae yes woody no sml shrub 80 sml soil large bird ericoid no 
astrpall Astroloma pallidum Ericaceae yes woody no sml shrub 30 sml soil large bird ericoid no 
austrodan Austrodanthonia sp. Poaceae yes grass no tussocks 20 grassy soil med baro arbomic no 
austcomp Austrostipa compressa Poaceae yes grass no tussocks 40 tiller soil med anemo arbomic no 
avenbarb Avena barbata Poaceae no grass no tussocks 50 grassy soil med baro arbomic no 
avenfatu Avena fatua Poaceae no grass no tussocks 50 grassy soil med baro arbomic no 
baeckea Baeckea sp. Myrtaceae yes woody no sml shrub 50 sml soil small baro arbomic no 
bankatte Banksia attenuata Proteaceae yes woody yes tree 1000 broad canopy large anemo cluster no 
bankgran Banksia grandis Proteaceae yes woody yes tree 1000 broad canopy large anemo cluster no 
bankilic Banksia ilicifolia Proteaceae yes woody yes tree 1000 broad canopy med anemo cluster no 
bankmenz Banksia menziesii Proteaceae yes woody yes tree 1000 broad canopy large anemo cluster no 
baumjunc Baumea juncea Cyperaceae yes grass yes tussocks 80 tiller soil med baro 
 
no 
bororamo Boronia ramosa Rutaceae yes woody no sml shrub 30 sml soil small baro arbomic no 
bosserio Bossiaea eriocarpa Fabaceae yes woody no sml shrub 60 sml soil med ant Nfix yes 
bossorna Bossiaea ornata Fabaceae yes woody no sml shrub 61 broad soil med ant Nfix yes 
brizmaxi Briza maxima Poaceae no grass no herb 50 grassy soil small baro arbomic no 
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brizmino Briza minor Poaceae no grass no herb 20 sml grassy soil small baro arbomic no 
bromdian Bromus diandrus Poaceae no grass no herb 50 grassy soil med baro arbomic no 
burccong Burchardia congesta Colchicaceae yes herb yes herb 40 grassy soil med baro arbomic no 
caesmicr Caesia micrantha Hemerocallidaceae yes herb yes herb 50 grassy soil med baro 
 
no 
calaflav Caladenia flava Orchidaceae yes herb yes herb 10 medium soil small baro orchid myco no 
calagran Caladrinia granulifera Portulacaceae yes herb no herb 5 sml soil small baro 
 
no 
calacorr Calandrinia corrigioloides Portulacaceae yes herb no herb 5 sml soil small baro 
 
no 
calotham Calothamnus sp. Myrtaceae yes woody yes shrub 150 sml plant small baro arbomic no 
calytrix Calytrix sp. Myrtaceae yes woody 
 
sml shrub 70 sml soil small anemo arbomic no 
carpedul Carpobrotus edulis Azioaceae no herb no succulent 20 broad soil med bird 
 
no 
causdioc Caustis dioica Cyperaceae yes grass yes tussocks 50 grassy soil med baro 
 
no 
centglab Centrolepis glabra Centrolepidaceae yes herb no herb 5 grassy soil small baro 
 
no 
ceraglom Cerastium glomeratum Caryophyllaceae no herb no herb 5 medium soil small baro 
 
no 
chamcory Chamaescilla corymbosa Asparagaceae yes herb yes herb 5 med grassy soil small baro 
 
no 
cirsium Cirsium sp. Asteraceae no herb yes herb 150 large soil med anemo 
 
no 
comecaly Comesperma calymega Polygalaceae yes semiwoody 
 
shrub 100 sml soil med 
  
no 
conostoe Conospermum stoechadis Proteaceae yes woody yes shrub 100 medium soil med baro cluster no 
conopend Conostephium pendulum Ericaceae yes woody yes sml shrub 50 sml soil small bird ericoid no 
conoacul Conostylis aculeata Haemodoraceae yes herb yes tussocks 40 tiller soil small baro none no 
conoaure Conostylis aurea Haemodoraceae yes sedge yes tussocks 30 tiller soil small baro none no 
conoseti Conostylis setigera Haemodoraceae yes herb no tussocks 30 tiller soil small baro none no 
conybona Conyza bonariensis Asteraceae no herb no herb 200 large soil small anemo arbomic no 
corycalo Corymbia calophylla Antheriaceae yes woody 
 
tree 1500 broad soil med baro arbomic NA 
corymicr Corynotheca micrantha Hemerocallidaceae yes herb yes semi- basal 40 stem soil small baro arbomic no 
crascolo Crassula colorata Crassulaceae yes herb no herb 10 sml soil small baro 
 
no 
crasglom Crassula glomerata Crassulaceae no herb no herb 20 sml soil small baro 
 
no 
cryptand Cryptandra sp. Rhamnaceae yes woody no shrub 50 sml soil small baro 
 
no 
cynodact Cynodon dactylon Poaceae no grass yes herb 10 grassy soil small baro arbomic no 
dampline Dampiera linearis Goodeniaceae yes woody yes short basal 40 sml soil small baro arbomic no 
dasybrom Dasypogon bromeliifolius Dasypogonaceae yes grass yes tussocks 40 tiller soil med baro none no 
davidecu Daviesia decurrens Fabaceae yes woody yes shrub 100 stem soil med 
 
Nfix yes 
davidiva Daviesia divaricata Fabaceae yes woody yes 
leafless 
shrub 180 stem soil med ant Nfix yes 
davinudi Daviesia nudiflora Fabaceae yes woody no shrub 150 broad soil med ant Nfix yes 





stem soil med 
 
n fix y 




soil med ant Nfix yes 
desmflex Desmocladus flexuosus Restionaceae yes grass yes short basal 20 sml soil small baro arbomic no 
dianrevo Dianella revoluta Hemerocallidaceae yes herb yes long basal 80 tiller soil small bird arbomic no 
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dichcapi Dichopogon capillipes Asparagaceae yes herb yes long basal 30 grassy soil small baro 
 
no 
disabrac Disa bracteata Orchidaceae no herb yes herb 30 broad soil small baro orchid myco no 
diuris Diuris sp. Orchidaceae yes herb yes herb 20 broad soil small baro orchid myco no 
droseryt Drosera erythrorhiza Droseraceae yes herb yes herb 5 broad soil small baro carnivorous no 
drosmenz Drosera menziesii Droseraceae yes herb yes herb 20 broad soil small baro carnivorous no 
drospall Drosera pallida Droseraceae yes herb yes herb 50 broad soil small baro carnivorous no 
drosstol Drosera stolonifera Droseraceae yes herb yes herb 20 broad soil small baro carnivorous no 
ehrhcaly Ehrharta calycina Poaceae no grass yes tussocks 60 grassy soil small baro arbomic no 
ehrhlong Ehrharta longiflora Poaceae no grass no tussocks 60 grassy soil small baro arbomic no 
epilobiu Epilobium sp. Onagraceae unk unk no herb 30 sml soil small baro 
 
no 
eremaste Eremaea asterocarpa Myrtaceae yes woody yes shrub 100 sml canopy small baro ecto/arbo no 
erempauc Eremaea pauciflora Myrtaceae yes woody yes shrub 110 sml canopy small baro ecto/arbo no 
eremaea Eremaea sp. Myrtaceae yes woody yes shrub 50 sml canopy small baro ecto/arbo no 
erodbotr Erodium botrys Geraniaceae no herb no herb 20 broad soil med baro 
 
no 
erynrost Eryngium pinnatifidum Apiaceae yes herb yes herb 50 broad soil med baro arbomic no 
eucagomp Eucalyptus gomphocephala Myrtaceae yes woody yes tree 3000 broad canopy small baro ecto/arbo no 
eucamarg Eucalyptus marginata Myrtaceae yes woody yes tree 1500 broad canopy med baro ecto/arbo no 
eucarudi Eucalyptus rudis Myrtaceae yes woody yes tree 1200 broad canopy small baro ecto/arbo no 
euphpepl Euphorbia peplus Euphorbiaceae no herb no short basal 100 broad soil med baro arbomic no 
euphterr Euphorbia terracina Euphorbiaceae no herb no long basal 70 broad soil small baro arbomic no 
exocspar Exocarpos sparteus Santalaceae yes woody 
 
tree 400 stem soil med bird parasite no 




sml soil small ant Nfix/ectomic yes 
freealba Freesia alba Iridaceae no herb yes herb 20 broad soil med baro 
 
no 
gastcapi Gastrolobium capitatum Fabaceae yes woody yes shrub 100 broad soil small ant Nfix yes 
gladcary Gladiolus caryophyllaceus Iridaceae no herb yes herb 70 broad soil med anemo arbomic no 
gnaphal Gnaphalium sp. Asteraceae no herb no herb 30 broad soil small anemo arbomic no 
gomptome Gompholobium tomentosum Fabaceae yes woody no shrub 100 sml soil small ant Nfix/ectomic yes 
haemador Haemodorum sp. Haemodoraceae yes herb yes tussocks 80 tiller soil med anemo none no 
hakepros Hakea prostrata Proteaceae yes woody yes tree 600 broad canopy med anemo cluster no 
hardcomp Hardenbergia comptoniana Fabaceae yes woody no shrub 400 broad soil med ant Nfix/ectomic yes 
hedyrhag Hedypnois rhagadioloides Asteraceae no herb no herb 50 broad soil med baro arbomic no 
hemipung Hemiandra pungens Lamiaceae yes woody yes sml shrub 50 sml soil small ant arbomic no 
hensturb Hensmania turbinata Hemerocallidaceae yes woody yes tussocks 20 tiller soil small baro arbomic no 
hibbaure Hibbertia aurea Dilleniaceae yes woody yes shrub 100 sml soil med ant arbomic no 
hibbhueg Hibbertia huegelii Dilleniaceae yes woody no sml shrub 40 sml soil med ant arbomic no 
hibbhype Hibbertia hypericoides Dilleniaceae yes woody yes sml shrub 60 sml soil med ant arbomic no 
hibbrace Hibbertia racemosa Dilleniaceae yes woody no sml shrub 50 sml soil med ant arbomic no 





homalocarpum Apiaceae yes herb no herb 5 sml soil small baro 
 
no 
hoveelli Hovea elliptica Fabaceae yes woody no shrub 70 broad soil med ant 
Nfix/arbomi
c yes 
hovepung Hovea pungens Fabaceae yes woody no shrub 150 sml soil med ant 
Nfix/arbomi
c yes 
hyalcotu Hyalosperma cotula Asteraceae yes herb no herb 20 sml soil small baro arbomic no 
hypoangu Hypocalymma angustifolium Myrtaceae yes woody no shrub 150 sml soil small baro arbomic no 
hyporobu Hypocalymma robustum Myrtaceae yes woody no shrub 100 sml soil small baro arbomic no 
hypoglab Hypochaeris glabra Asteraceae no herb no herb 5 broad soil small baro none no 
hyporadi Hypochaeris radicata Asteraceae no herb no herb 5 broad soil small baro none no 
hypoexsu Hypolaena exsulca Restionaceae yes grass yes tussocks 50 stem soil med baro arbomic no 
isolepis Isolepis sp. Cyperaceae yes herb no herb 5 sml grassy soil small baro 
 
no 
isotcune Isotropis cuneifolia Fabaceae yes herb no semishrub 30 medium soil med 
 
n fix yes 
jackflor Jacksonia floribunda Fabaceae yes woody n shrub 200 sml soil med baro Nfix yes 
jackfurc Jacksonia furcellata Fabaceae yes woody yes tree 400 sml soil small baro Nfix yes 




soil med baro Nfix yes 
johnpube Johnsonia pubescens Hemerocallidaceae yes herb yes tussocks 20 tiller soil small ant arbomic no 
kennpros Kennedia prostrata Fabaceae yes woody no sml shrub 
 
broad soil small ant Nfix yes 
kunzglab Kunzea glabrescens Myrtaceae yes woody no shrub 200 sml canopy small baro ecto/arbo no 
lactsali Lactuca saligna Asteraceae no herb no herb 100 sml soil small baro none no 
lactserr Lactuca serriola Asteraceae no herb no herb 100 sml soil small baro none no 
lagahueg Lagenophora huegelii Asteraceae yes herb no herb 5 sml soil small baro none no 
laxmramo Laxmannia ramosa Asparagaceae yes herb no herb 20 sml soil small baro 
 
no 
laxmsess Laxmannia sessiliflora Asparagaceae yes herb no herb 5 sml soil small baro 
 
no 
laxman Laxmannia sp. Asparagaceae yes herb no herb 5 sml soil small baro none no 
laxmsqua Laxmannia squarrosa Asparagaceae yes herb no short basal 10 tiller soil small baro 
 
no 
lechflor Lechenaultia floribunda Goodeniaceae yes woody yes sml shrub 50 sml soil small baro arbomic no 
lepiprei Lepidobolus pressianus Restionaceae yes grass yes tussocks 50 stem soil med baro arbomic no 
lepidrum Lepidosperma drummondii Cyperaceae yes herb yes tussocks 80 tiller soil small baro none no 
lepidoerm Lepidosperma sp. Cyperaceae yes grass yes tussocks 
 
tiller soil small baro arbomic no 
lepitere Lepidosperma sp. Terete Cyperaceae yes grass yes tussocks 100 tiller soil small baro none no 
lepitenu Lepidosperma tenue Cyperaceae yes herb yes tussocks 80 tiller soil small baro none no 
leuccono Leucopogon conostephioides Ericaceae yes woody no sml shrub 50 sml soil med bird ericoid no 
leucprop Leucopogon propinquus Ericaceae yes woody yes sml shrub 51 sml soil med bird ericoid no 
leucrace Leucopogon racemulosus Ericaceae yes woody no sml shrub 52 sml soil med bird ericoid no 
levepusi Levenhookia pusilla Stylidiaceae yes herb no herb 5 sml soil small baro none no 
levestip Levenhookia stipitata Stylidiaceae yes herb no herb 6 sml soil small baro none no 
lolium Lolium perenne Poaceae no grass no tussocks 60 linear soil small baro none no 
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lomacaes Lomandra caespitosa Asparagaceae yes herb yes tussocks 30 tiller soil med ant none no 
lomaprei Lomandra preissii Asparagaceae yes herb yes tussocks 60 tiller soil med ant none no 
lupicose Lupinus cosentinii Fabaceae no herb no herb 90 broad soil med baro rhizobium yes 
lygibarb Lyginia barbata Anarthriaceae yes grass yes tussocks 70 tiller soil med baro arbomic no 
macrfras Macrozamia fraseri Zamiaceae yes woody yes palmoids 200 broad none large bird arbomic yes 
medicago Medicago sp. Fabaceae no herb no herb 10 sml soil small animal rhizobium yes 
melaprei Melaleuca preissiana Myrtaceae yes woody yes tree 1000 sml canopy small baro ecto/arbo no 
melaseri Melaleuca seriata Myrtaceae yes woody yes shrub 100 sml canopy small baro ecto/arbo no 




sml canopy small baro arbomic no 
melasyst Melaleuca systena Myrtaceae yes woody yes shrub 200 sml canopy small baro ecto/arbo no 
melathym Melaleuca thymoides Myrtaceae yes woody yes shrub 200 sml canopy small baro ecto/arbo no 
mesopseu Mesomelaena pseudostygia Cyperaceae yes grass yes tussocks 70 sml soil small baro none no 
micrstip Microlaena stipoides Poaceae yes grass no tussocks 30 sml soil small baro none no 
micrunif Microtis media Orchidaceae yes herb no herb 30 
elongate 
blade soil small baro ecto/orchid no 
microtis Microtis sp. Orchidaceae yes herb no herb 30 
elongate 
blade soil small baro ecto/orchid no 
moenerec Moenchia erecta Caryophyllaceae no herb no herb 20 sml soil small bird nonr no 
muehadpr Muehlenbeckia adpressa Polygonaceae yes woody yes vine 300 broad soil small baro none no 
nuytflor Nuytsia floribunda Loranthaceae yes woody yes tree 1000 needle none large anemo hemiparisite no 
oenodrum Oenothera drummondii Onagraceae no herb no herb 20 broad soil small baro none no 
opervagi Opercularia vaginata Rubiaceae yes herb yes short basal 30 broad soil small animal arbomic no 
oxalcorn Oxalis corniculata Oxalidaceae no herb no herb 10 sml soil small baro none no 
oxalpesc Oxalis pes-caprae Oxalidaceae no herb yes herb 20 sml none none 
 
none no 
pateocci Patersonia occidentalis Iridaceae yes grass yes tussocks 70 tiller soil small baro arbomic no 
pelacapi Pelargonium capitatum Geraniaceae no herb no sml shurb 100 broad soil med animal 
 
no 
perssacc Persoonia saccata Proteaceae yes woody yes shrub 100 needle soil med bird cluster no 
petrline Petrophile linearis Proteaceae yes woody yes shrub 70 broad canopy small anemo cluster no 
petrdubi Petrorhagia dubia Caryophyllaceae no herb no herb 40 sml soil small baro none no 
philspic Philotheca spicata Rutaceae yes woody yes sml shrub 60 sml soil small baro arbomic no 
phlecili Phlebocarya ciliata Haemodoraceae yes grass yes tussocks 60 tiller soil small baro none no 
phylpara Phyllangium paradoxum Loganiaceae yes herb no herb 10 sml soil small baro none no 
phylcaly Phyllanthus calycinus Phyllanthaceae yes woody yes shrub 70 sml soil small ant none no 
pimerose Pimelea rosea Thymelaeaceae yes woody no shrub 100 sml soil small baro arbomic no 
pimesulp Pimelea sulphurea Thymelaeaceae yes woody no sml shrub 60 sml soil small baro arbomic no 
platcomp Platysace compressa Apiaceae yes woody no long basal 70 broad soil small baro arbomic no 
platgali Platysace galioides Apiaceae yes woody no sml shrub 50 sml soil small ant arbomic no 
podolep Podolepis sp. Asteraceae yes herb no herb 20 sml soil small baro none no 
podothec Podotheca sp. Asteraceae yes herb no herb 20 sml soil small baro none no 
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poramicr Poranthera microphylla Phyllanthaceae yes herb no herb 5 sml soil small baro none no 
prasophyll Prasophyllum sp. Orchidaceae yes herb no herb 60 
elongate 
narrow soil small baro ecto orchid no 
pterostyl Pterostylis sp. Orchidaceae yes herb no herb 20 
elongate 
narrow soil small baro ecto orchid no 
ptervitt Pterostylis vittata Orchidaceae yes herb no herb 30 
elongate 
narrow soil small baro ecto orchid no 
ptilotis Ptilotus sp. Amaranthaceae yes herb no herb 20 sml soil small baro none no 
pyronigr Pyrorchis nigricans Orchidaceae yes herb no herb 20 broad soil small baro ecto orchid no 
raphraph Raphanus raphanistrum Brassicaceae no herb no herb 50 broad soil small baro none no 
rhodcitr Rhodanthe citrina Asteraceae yes herb no herb 10 sml soil small baro none no 
romurose Romulea rosea Iridaceae no herb yes grass 10 thin long soil small baro none no 
scaerepe Scaevola repens Goodeniaceae yes woody yes short basal 20 broad soil small baro arbomic no 
scaev Scaevola sp. Goodeniaceae yes woody yes short basal 20 broad soil small baro arbomic no 
schocurv Schoenus curvifolius Cyperaceae yes herb yes tussocks 40 tiller soil small baro 
 
no 
schoen Schoenus sp. Cyperaceae yes herb yes tussocks 30 tiller soil small baro 
 
no 
schoinvo Scholtzia involucrata Myrtaceae yes woody yes shrub 100 tiller soil small baro arbomic no 
silohumi Siloxerus humifusus Asteraceae yes herb no herb 50 sml soil small baro none no 
solaamer Solanum americanum Solanaceae no herb no shrub 130 broad soil small bird arbomic no 
solanigr Solanum nigrum Solanaceae no herb no herb 30 broad soil small bird arbomic no 
soncaspe Sonchus asper Asteraceae no herb no herb 50 broad soil small anemo arbomic no 
soncoler Sonchus oleraceus Asteraceae unk herb no herb 30 broad soil small anemo arbomic no 
sowelaxi Sowerbaea laxiflora Asparagaceae yes herb yes herb 20 thin-grassy soil small baro 
 
no 
stacmono Stackhousia monogyna Celastraceae yes herb no herb 30 sml soil small baro arbomic no 
stirlati Stirlingia latifolia Proteaceae yes woody yes shrub 150 broad soil med baro cluster no 
stylbrun Stylidium brunonianum Stylidiaceae yes herb no tussocks 50 sml soil small baro arbomic no 
stylpili Stylidium piliferum Stylidiaceae yes herb no herb 10 thin grassy soil small baro arbomic no 
stylrepe Stylidium repens Stylidiaceae yes herb no short basal 10 sml soil small baro arbomic no 
stylscho Stylidium shcoenoides Stylidiaceae yes herb 
 
herb 20 thin grassy soil small baro arbomic no 
synaspin Synaphea spinulosa Proteaceae yes woody yes sml shrub 60 broad soil med baro cluster no 
tetrocta Tetraria octandra Cyperaceae yes herb yes tussocks 70 tiller soil med baro arbomic no 
thysaren Thysanotus arenarius Asparagaceae yes herb yes short basal 50 tiller soil med ant other no 
thyspate Thysanotus patersonii Asparagaceae yes herb no climber 
 
sml soil med ant other no 
thysspar Thysanotus sparteus Asparagaceae yes herb yes tussocks 100 sml soil med ant other no 
tracpilo Trachymene pilosa Araliaceae yes herb no herb 10 broad soil small baro 
 
no 
tricelat Tricoryne elatior Hemerocallidaceae yes herb yes herb 50 thin grassy soil small baro arbomic no 
trifarve Trifolium arvense Fabaceae no herb no herb 10 broad soil small baro Nfix no 
trifcamp Trifolium campestre Fabaceae no herb no herb 10 broad soil small baro Nfix no 
trifglom Trifolium glomeratum Fabaceae no herb no herb 10 broad soil small baro Nfix no 
tripclan Tripteris clandestina Asteraceae no herb no herb 30 broad soil small baro arbomic no 
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Poaceae unkGen sp. Poaceae unk grass yes tussocks 30 tiller soil small baro none no 




anemo arbomic no 
Asterace unkGen sp. Asteraceae unk herb no herb 30 broad soil med baro arbomic no 
Ericacea unkGen sp. Ericaceae yes woody 
     
small baro ericoid no 
Myrtacea unkGen sp. Myrtaceae yes woody 
         ursianth Ursinia anthemoides Asteraceae no herb no herb 30 broad soil small baro arbomic no 
vulpia Vulpia sp. Poaceae no grass no grass 20 thin grassy soil small baro arbomic no 
wahlcape Wahlenbergia capensis Campanulaceae no herb no herb 20 broad soil small baro 
 
no 
wahlgrac Wahlenbergia gracilenta Campanulaceae yes herb no herb 20 sml soil small baro 
 
no 
wahlprei Wahlenbergia preissii Campanulaceae yes herb no herb 20 sml soil small baro 
 
no 
xantgrac Xanthorrhoea gracilis Xanthorrhoeaceae yes woody yes palmoids 200 tiller none med baro arbomic no 
xantprei Xanthorrhoea preissii Xanthorrhoeaceae yes woody yes palmoids 300 tiller none large baro arbomic no 
xantpusi Xanthosia pusilla Apiaceae yes woody no short basal 10 broad soil small baro arbomic no 





Appendix 2: Native plant species used as a food resource by Carnaby’s Cockatoo 
 
Family Proteaceae 
Genus  Species  Common Name  Part eaten 
Banksia  attenuata  Slender Banksia  flower, seed 
grandis  Bull Banksia  flower, seed 
ilicifolia  Holly banksia  fruit, cones 
littoralis  Swamp Banksia  flower, seed 
prionotes  Acorn Banksia  cones 
speciosa  Showy Banksia  flower, seed 
verticillata  Granite Banksia  flower, seed 
Dryandra*  aff. incircioides    seeds 
fraseri      flower, seed 
mucronulata 
nivea   Couch Honeypot flowers, seeds 
nobilis  Golden Dryandra  seeds 
sessilis  Parrot Bush   flower, seed 
speciosa  Shaggy Dryandra  flower, seed 
Grevillea  apiciloba  Black Toothbrushes  flower, seed 
paniculata  Kerosene Bush  seeds 
petrophiloides  Pink Poker   seeds 
hookeriana  Black Toothbrush  seeds 
Hakea   crassifolia  Thick Leaved Hakea  seeds 
falcata      seeds 
gilbertii     seeds 
incrassata  Golfball Hakea  seeds 
laurina  Pincushion   seeds 
lissocarpha  Honeybrush   seeds 
multilineata  Grass leaf Hakea  seeds 
obliqua  Needles & Corks  seeds 
prostrata  Harsh Hakea   seeds 
ruscifolia  Candle hakea   seeds 
scoparia     seeds 
sulcata  Furrowed Hakea  seeds 
trifurcata  Two leaved Hakea  seeds 
undulata  Wavy leaved Hakea  seeds 
varia   Variable leaf Hakea  seeds 
Isopogon  scabriusculus     seeds 
Lambertia  multiflora  Native honeysuckle  flower, seed 
 
Family Mimosaceae 
Acacia   saligna  Orange Wattle  Bark 
 
Family Myrtaceae 
Agonis  flexuosa  Peppermint tree  Bark, grubs 
Eucalyptus  marginata  Jarrah    seeds 
wandoo  Wandoo/White gum  flowers 
Corymbia  calophylla  Marri/Redgum  flower, seed 
Callistemon  spp.  Bottle Brush   nectar, seed 
 
*Note: this list is from Birds Australia. The genus Dryandra is now subsumed within Banksia 
and any species with the same name (e.g. speciosa) have new names. 
